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FOREWORD 

This f i n a l  r epor t  summarizes the  r epor t s  
prepared and the  spec ia l  t asks  performed by Astro 
Sciences of PIT  Research I n s t i t u t e  during the 
twelve month per iod f r o m  November, 1969 through 
October , 1970. Eleven r epor t s  o r  t echnica l  memoranda 
are summarized together  with a descr ip t ion  o f  two 
memos on which no formal r epor t s  have been wr i t t en .  
I n  addi t ion the a b s t r a c t s  of four  technica l  papers ,  
which w i l l  be published i n  the open l i t e r a t u r e ,  have 
been included. 
NASA Contract Number NAsw-2023 e 

This  work has  been performed under 
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LONG RANGE PLANNING FOR SOLAR SYSTEM EXPLORATION 

NOVEMBER, 1969 - OCTOBER, 1970 

1. INTRODUCTION 

Astro Sciences of TIT Research I n s t i t u t e  (AS/IITRI) has 
been engaged i n  a program of advanced research,  study and 
ana lys i s  f o r  the Planetary Programs Divis ion (Code SL) of NASA 
s ince March, 1963. The r e s u l t s  of A s t r o  Sciences '  work up t o  
October 31, 1969, have been previously reported , This  r epor t  
summarizes the  work performed on Contract NASW-2023 from 
November 1 through October 31, 1970. 

1 

The purpose of  advanced mission planning i s  t o  der ive 
a prel iminary understanding of those missions,  and associated 
mission requirements,  which are of importance i n  the evolut ion 
of knowledge of our solar system. It i s  necessary n o t  only t o  
have a s o l i d  foundation i n  science and engineering f o r  t h i s  type 
of planning bu t  a l s o  the a b i l i t y  t o  i n t e g r a t e  the increasing 
awareness of the problems involved i n  space explorat ion back 
i n t o  the advanced planning process .  As t ro  Sciences' program 

I ,  

The cont rac t  work conducted between March I, 1963 and 
December 1, 1968 summarized i n  A S / I I T R I  Report No. A-6 ,  "Long 
Range Planning Studies  f o r  S o l a r  System Exploration" (1969). 
Work done between December 1, 1968 and October 31, 1969 i s  
summarized i n  A S / I I T R I  Report No. A-7, "Long Rang Planning f o r  
Solar System Exploration" (1970) e 
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during the per iod  covered by t h i s  r e p o r t ,  as i t  has during the  
previous s i x  years ,  has  continued t o  develop t h i s  process i n  
accordance wi th  NASA's  broadening needs f o r  advanced planning. 

P 

The continuing a c t i v i t i e s  of Astro Sciences a r e  repor ted  
t o  the  P lane tary  Programs Divis ion a t  r e g u l a r l y  scheduled b i -  
monthly review meetings. However, the most t ang ib le  output i s  
i n  the form of t echn ica l  r e p o r t s  and memoranda. During the  twelve 
months covered by t h i s  r e p o r t  a t o t a l  of eleven r e p o r t s  o r  
technica l  memoranda have been submitted. Summaries of these  
documents are given i n  Section 2.  Sect ion 3 ,  Special  Studies  
and Technical Notes, summarizes study e f f o r t s  t h a t  have been 
performed and c a p a b i l i t i e s  t h a t  e x i s t  bu t  f o r  which no formal 
r e p o r t s  have been published. Sect ion 4 conta ins  a b s t r a c t s  of 
those papers published and presented by Astro Sciences s taff  
members which o r ig ina t ed  pr imar i ly  as a r e s u l t  of work performed 
under t h i s  con t r ac t .  Sec t ion  5 contains  a bibl iography of r epor t s  
and t echn ica l  memoranda published by AS/IITRI. 
summarizes t h e  major computer programs used t o  support  Astro Sciences' 
t echn ica l  effor ts . ,  

F i n a l l y  Sec t ion  6 
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2 .  SUMMARY OF REPORTS AND 
TECHNICAI, MEMORANDA 
PUBLISHED NOVEMBER, 1969- 
OCTOBER, 2970 



2.1 MISSION OBJECTIVES 

Report No. P-36 
"THE PHYSICAL STRUCTURE OF THE SATURN RING SYSTEM" 
M. 9. Pr ice  
November 1970. 

Planetary mission ana lys t s  a r e  cu r ren t ly  concerned by 
the p o t e n t i a l  hazard the Saturn r ing  system presents  t o  space- 
c r a f t  navigat ing near  the p l ane t .  Uncertain knowledge of the 
physical  p rope r t i e s  of the  r ing  system has caused a conservat ive 
a t t i t u d e  t o  p r e v a i l ;  fo r  s a f e t y  f ly-by t r a j e c t o r i e s  have been 
constrained t o  pass wel l  outs ide the  r ings .  Since any increase 
i n  our knowledge of the r ing  p rope r t i e s  would broaden the range 
of p r a c t i c a l  opt ions ava i lab le  t o  Grand-Tour missions , fu r the r  
study has been made of the ava i lab le  ground-based photometry of 
the system. 

I n  a c r i t i q u e  of e a r l i e r  s tud ie s  of the physical  
s t r u c t u r e  of the  r i n g  system, the relevance of each type of 
ground-based photometry i s  discussed. Of the ava i lab le  phots- 
metr ic  da ta ,  the  most u se fu l  f o r  der iving a physical  model f o r  
the r ing  system a r e  measurements of the surface br ightness  as  a 
funct ion o f  r a d i a l  d i s tance  from Saturn,  s o l a r  i l luminat ion angle ,  
and phase angle,  Using these da t a ,  together  with the M i e  theory 
of s c a t t e r i n g ,  a new, o p t i c a l l y  se l f - cons i s t en t  r i ng  model has  
been developed. The r ing  p a r t i c l e s  appear t o  be i c e  c r y s t a l s  of 
c h a r a c t e r i s t i c  rad ius  - 0.111. I n  the densest  region of the r ing  
system ( r ing  B ) ,  the  surface dens i ty  (ice., the  f r a c t i o n  of the 
r ing  plane covered by p a r t i c l e s  i n  a perpendicular pro jec t ion)  
is  0 .4  - + 0.2 .  
r i n g  system remains a r b i t r a r y .  In  addi t ion ,  because of insuf-  
f i c i e n t  observat ional  da t a ,  no information has been obtained on 
the s i z e  d i s t r i b u t i o n  of  the  r i n g  p a r t i c l e s .  

I n  the  ana lys i s ,  the geometrical  thickness  of the 

T R E S E A R C H  I N S T I T U T E  

3 



Caution must be exercised i n  es t imat ing the implied 
naviga t iona l  hazard s ince  the r ing  model cannot ZE considered 
f i n a l .  Even s o ,  the probable e f f e c t  on a TOPS-class spacec ra f t ,  
i n t e r s e c t i n g  the densest  region of the r ing  system, while on a 
4-planet  (J-S-U-N) Grand-Tour mission, has been s tudied.  The 
t r a j e c t o r y  of the spacecraf t  i n t e r s e c t s  the r i n g  plane a t  an 
angle of 60’ t o  the normal; the spacecraf t  v e l o c i t y  r e l a t i v e  
t o  Saturn i s  then 30 km/sec i n  the posigrade d i r ec t ion .  Ind i -  
v idua l ly ,  p a r t i c l e  impacts should cause n e g l i g i b l e  damage s ince  
the TOPS design c a l l s  f o r  the spacecraf t  t o  withstand impacts by 
p a r t i c l e s  of  mass l e s s  than lO-’g s t r i k i n g  a t  20 km/sec; 
r i ng  p a r t i c l e s  a re  of mass 
c r a f t  p a r t i c l e  v e l o c i t y  i s  - 10 km/sec. 
p a r t i c l e s  w i l l  reduce the spacecraf t  v e l o c i t y  by - 0 .2  m/sec 
through interchange of momentum. @I the b a s i s  of cu r ren t  
knowledge the r ing  system does no t  represent  a s i g n i f i c a n t  
hazard f o r  Grand-Tour missions. 

the 
10-15g, while the r e l a t i v e  space- 

Co l l ec t ive ly  the r ing  
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2.2 M I S S I O N  ANALYSIS 

Report No, M-20 

Compiled by J. C .  Niehoff 
September 1970. 

"JUPITER ORBITER MISSION STUDY" 

Pioneers F and G w i l l  be launched i n  1972 and 1973, 
r e spec t ive ly ,  on f lyby  missions to  J u p i t e r .  Current program 
plans  s t rong ly  suggest t h a t  these missions be followed by dual  
launches of two Grand Tour missions: a Jupi ter-Saturn-Pluto 
Tour in 1977 and a Jupiter-Uranus-Neptune Tour i n  1979. Alto- 
ge ther  these missions c o n s t i t u t e  a launch endeavor of s i x  f lyby  
spacec ra f t  t o  J u p i t e r  i n  the  1970's. Clear ly ,  now i s  the time 
t o  move ahead wi th  advanced planning and ana lys i s  of more com- 
prehensive J u p i t e r  o r b i t e r  and atmospheric probe missions which, 
hopeful ly ,  w i l l  c l o s e l y  follow o r  perhaps even mesh wi th  t h e  
Grand Tour missions.  The purpose of t h i s  study i s  t o  i d e n t i f y  
f i r s t - g e n e r a t i o n  J u p i t e r  o r b i t e r  missions , evaluate  their  
requirements and determine t h e i r  con t r ibu t ion  t o  J u p i t e r  
explorat ion.  

For t h i s  f i r s t  look a t  J u p i t e r  o r b i t e r  missions i t  was 
necessary t o  spec i fy  seve ra l  broad s tudy guide l ines  which would 
i d e n t i f y  and cons t r a in  the  scope of ana lys i s .  The guide l ines  
used a r e  a s  follows: 

A l l  a spec ts  of J u p i t e r ,  i t s  s a t e l l i t e s  and the 
Jovian electromagnetic environment be assessed i n  
determining the  r e l evan t  science ob jec t ives  f o r  
o r b i t e r  missions 

I I T  R E S E A R C H  I N S T I T U T E  
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The mission f l i g h t  mode be r e s t r i c t e d  t o  b a l l i s t i c  
t r a n s f e r s  emphasizing oppor tuni t ies  during the  
per iod 1974-85 , 

Q Mission configurat ions and payloads be i d e n t i f i e d  
which a r e  compatible with Ti tan  launch vehic les  e 

The ana lys i s  of J u p i t e r  o r b i t e r  missions was divided i n t o  four  
a reas  of considerat ion:  1) d e f i n i t i o n  and evaluat ion of science 
ob jec t ives ,  2) measurement spec i f i ca t ion  development and para- 
meterized instrument design,  3 )  t r a j e c t o r y  ana lys i s  and o r b i t  
s e l e c t i o n ,  and 4 )  construct ion and comparison of mission a l t e r -  
na t ives .  It i s  appropriate  t o  summarize the study r e s u l t s  i n  
t e r m s  of these study a reas .  

Science d e f i n i t i o n  and evaluat ion f o r  f i r s  t -generat  ion 
J u p i t e r  o r b i t e r s  were accomplished by a systematic  breakdown of 
the broad goa l  of J u p i t e r  explorat ion i n t o  successive l e v e l s  of 
d e t a i l .  The goal  of J u p i t e r  explorat ion was f i r s t  broken down 
i n t o  regimes c lose ly  al igned t o  the var ious  n a t u r a l  character-  
i s t i c s  of the  p lane t ,  e . g . ,  i n t e r i o r ,  atmosphere, surrounding 
magnetic f i e l d  and biology. Each of these regimes has i n  turn  
s p e c i f i c  ca tegor ies  of i n t e r e s t .  I n  the  case of atmosphere there  
a r e  the top ics  of composition, s t r u c t u r e  and dynamics. Continu- 
ing t h i s  process  of deduction and refinement each category was 
parceled i n t o  objec t ives  which, i n  t o t a l ,  provide a complete 
d e f i n i t i o n  of the category.  For  example, atmospheric composi- 
t i o n  r e a l l y  means iden t i fy ing  the  ob jec t ives ;  1 )  elemental  and 
molecular abundances 2 )  i so top ic  abundances and r a t i o s  and 
3)  p a r t f c u l a t e  mat ter .  The f i n a l  s t e p  t o  the  process  w a s  
i den t i fy ing  the measurables which a r e  the phys ica l  evidence of 
each' %ob j ec t ive e 

A summary of the  ca t egor i e s ,  ob jec t ives  and measur- 
ab les  which w e r e  s p e c i f i c a l l y  r e l evan t  t o  o r b i t e r  missions of 
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Jc 
J u p i t e r ,  a r e  presented i n  the  lef t -hand column of the  i n s t r u -  
ment s e l ec t ion  c h a r t  presented i n  Figure 2 -1 .  The majori ty  of 
measurables i d e n t i f i e d  i n  Figure 2 - 1  dea l  with the  atmosphere 
and p a r t i c l e / f i e l d  explorat ion regimes e 

deal ing with J u p i t e r ' s  surface and i n t e r i o r ,  o r  biology,  were 
eonsidered s u i t a b l e  f o r  remote sensing techniques e 

Few measurables 

A numerical percentage evaluat ion of the  i d e n t i f i e d  
measurables indicated t h a t  they c o n s t i t u t e  approximately 30% of 
the goal  of t o t a l  J u p i t e r  explorat ion.  
t i o n  i s  subjec t ive  i n  na ture ,  and must be cont inua l ly  revised 
as  new knowledge of the  p lane t  i s  acquired, i t  does provide 
added confidence i n  the  value of the o r b i t e r  mission mode t o  

Although such an evalua- 

u p i t e r  explorat ion.  

Measurables r e l a t e d  t o  the  Jovian s a t e l l i t e s  a r e  not  
included i n  Figure 2-1.  They can be summarized, however, a s  
prel iminary i n  ckaraceer appropriate  t o  s a t e l l i t e  f lybys by an 

f ea tu res ,  de tec t ion  of an atmosphere, measurement of an inherent  
magnetic f i e l d  and the i n t e r a c t i o n  of the s a t e l l i t e  wi th  
magnetosphere, and evaluat ion of the s a t e l l i t e ' s  physical  proper- 
t i e s  (mass, diameter,  r o t a t i o n  r a t e  and oblateness)  a r e  a l l  

experiments of s ign i f icance  f o r  i n i t i a l  s a t e l l i t e  inves t i g a t i s n  e 

i t i n g  J u p i t e r  spacecraf t ,  Regional s ca l e  imagery of surface 

The second s tudy area  d e a l t  with the  quest ion:  
"How can the  def ined measurables be invest igated?" 
t h i s  quest ion measurement spec i f i ca t ions  were wr i t t en  f o r  
measurement techniques and instrument types i d e n t i f i e d  with each 
measurable a The p a r t i c u l a r  techniques and instruments se lec ted  
fo r  considerat ion a r e  summarized i n  the  remainder of Figure 2-1. 

To answer 

~~~ ~ ~~ 

* The remainder of the c h a r t  w i l  be descr ibed i n  the summary 
of measurement spec i f i ca t ions  and instrument design which 
follows @ 
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A t o t a l  of 18 d i f f e r e n t  instrument types are of relevance t o  %he 
50 measurables def ined.  A c l o s e r  look a t  the  instrument types 
revealed that: they a l l  €it i n t o  one of two instrument classes: 
1)  i n  s i t u  p a r t i c l e / f i e l d  de t ec to r s ,  and 2) remote planetary 
sensors.  The open squares i n  Figure 2 - 1  i nd ica t e  measurables 
which a r e  dupl icated under severa l  category object ives .  

The measurement spec i f i ca t ions  developed f o r  each 
measurable-instrument combination included est imates  of desired 
wavelength energy range, pass  bands, s p e c t r a l  and s p a t i a l  reso-  
l u t i o n  coverage, d i s t r i b u t i o n ,  acquis i t ion  and r e p e t l t i o n  time 
s o l a r  i l luminat ion,  p o s i t i o n a l  accuracy, and p r i o r  measurement 
requirements. 
se lec ted  (or  designed) which could provide acceptable measur- 
able  information. 

From these da ta  conceptual instruments were 

A summary o f  weight, power and da ta  r a t e  of p a r t i c l e /  
f i e l d  instruments se lec ted  f o r  considerat ion on J u p i t e r  Orbi ter  
Missions i s  presented i n  Table 2-1.  A s imi l a r  summary of key 
planetology instruments i s  given i n  Table 2-2. The p a r t i c l e /  
f i e l d  instruments a re  acceptable  designs l a r g e l y  borrowed from 
previous spacef l igh t  p ro jec t s  The planetology experiments 
(pr imari ly  imagers), on the o ther  hand, a r e  conceptual designs 
developed to  match the  appropriate  measurement spec i f i ca t ions  
I n  general ,  they a r e  advanced s t a t e -o f - the -a r t  designs charae- 
t e r i zed  by high s e n s i t i v i t y  and s p a t i a l  reso lu t ion  which a re  
necessary f o r  measurements from an o rb i t i ng  J u p i t e r  platform. 
The instruments l i s t e d  i n  Tables 2 - 1  and 2-2 c o n s t i t u t e  the 
bas ic  "shopping l i s t "  from which science payloads were l a t e r  
evolved i n  the study. 

The t h i r d  study area  w a s  an ana lys i s  of the  energy 
requirements fo r  b a l l i s t i c  J u p i t e r  o r b i t e r  missions.  From the  
r e s u l t s  an assessment of payload c a p a b i l i t y  of Ti tan launch 
systems w a s  poss ib le  and candidate  o r b i t  s i z e s  were determined, 
The t r a j e c t o r y  c h a r a c t e r i s t i c s  of  an 11-year cycle  of  annual 
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launch oppor tuni t ies  were s tudied f o r  the per iod 1974-1985. The 
t r a j e c t o r y  ana lys i s  w a s  summarized i n t o  three  t r a n s f e r  c l a s ses :  
1) the  lowest average energy t r a n s f e r s  with 10-day launch 
windows, f l i g h t  time 760 days, 2) the lowest average energy 
t r a n s f e r s  with 20-day launch windows, f l i g h t  time w 710 days, 
and 3) sho r t  500-day t r a n s f e r s  with 20-day launch windows. 

The three  t r a n s f e r  c l a s s e s  were combined with four  
Ti tan  launch veh ic l e  configurat ions t o  form f i v e  f l i g h t  modes 
which a re  presented i n  Table 2-3. 
da ta  a r e  a l s o  given. These modes were se l ec t ed  (from a t o t a l  
of 1 2  poss ib le  combinations i n  Table 2-3) such t h a t  launch 
vehic le  s i z e  and f l i g h t  time could be traded of f  with in j ec t ed  
payload being. kept f a i r l y  constant .  I d e a l l y  t h i s  s e l ec t ion  
r a t i o n a l e  would amount t o  moving diagonal ly  through the  matr ix  
of t r a n s f e r s  versus  launch veh ic l e s  from the upper lef t -hand 
corner  t o  lower right-hand corner .  The se l ec t ed  f l i g h t  modes 
were both,  1) use fu l  t o  the s e l e c t i o n  of appropriate  o r b i t  
s i z e s  and 2 )  necessary f o r  determination of payload f e a s i b i l i t y  
of mission a l t e r n a t i v e s  developed i n  the  fou r th  study area.  

Energy and gross  payload 

To l i m i t  the  amount of o r b i t  ana lys i s  associated with 
the  d e f i n i t i o n  of mission alternatives,  a s e t  of four  o r b i t  
s i z e s  w a s  s e l ec t ed  t o  represent  the  range of i n t e r e s t  f o r  o r b i t e r  
missions.  A shor t  ana lys i s  of J u p i t e r  r a d i a t i o n  hazards indica-  
t ed  t h a t  an o r b i t  per iapse  r ad ius  (r ) of three  J u p i t e r  r a d i i  
(RJ) w a s  necessary t o  insure  long o r b i t a l  s tayt imes (- 1 year) .  
Using a f ixed  r - 3 RJ, the  four  s e l ec t ed  o r b i t s  a r e  presented 
i n  Figure 2-2.  S t a r t i n g  with the smal les t  o r b i t ,  t h e i r  pe r iods '  
a r e  7 ,5 ,  15,  30 and 45 days long, respec t ive ly .  The 7.5-day 
o r b i t  represents  a lower l i m i t  on o r b i t  s i z e  due t o  minimum 
payload considerat ions while the  45-day o r b i t  represents  the 
maximum s i z e  o r b i t  necessary t o  cover the e n t i r e  J u p i t e r  
environment. 

P 

P 

Properly or ien ted ,  the apoapse ( r a  = 98 RJ) of the  
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45-day o r b i t  would l i e  outs ide the solar-wind shock f r o n t  of the 
Jovian magnetosphere estimated t o  l i e  50-65 RJ from the  p lane t .  
No te  t h a t  minimum capture  impulses f o r  each f l i g h t  mode and 
r ad ia t ion  l i f e t imes  a r e  a l so  given i n  Figure 2-2 f o r  each o r b i t .  

The development of mission d e f i n i t i o n s  (fourth study 
area)  was a synthesis  of r e s u l t s  obtained i n  the f i r s t  t h ree  
study tasks .  It quickly became apparent,  i n  developing these 
d e f i n i t i o n s ,  t h a t  no s ing le  o r b i t  would s a t i s f y  a l l  science 
ab jec t ive  and instrument requirements. I n  f a c t ,  two opposing 
t rends were implied by the  requirements , short-per iod o r b i t s  
versus  long-period o r b i t s .  The advantages of small o r b i t s  
( shor t  per iods)  p e r t a i n  t o  measurements of the  p lane t  i t s e l f .  
For a l t i t u d e  ( reso lu t ion)  - l imi ted  planetology instruments the 
short-per iod o r b i t s  provide more oppor tuni t ies  t o  image the 
p lane t  over a f ixed  per iod of time. Advantages of long-period 
o r b i t s  p e r t a i n  t o ,  1) p a r t i c l e  and f i e l d  measurements and t h e i r  
s p a t i a l  requirements, and 2 )  spacecraf t  design including weight 
and r ad ia t ion  l i f e t i m e .  

The s p l i t  i n  o r b i t  c a p a b i l i t i e s  suggests a l o g i c a l  
d iv is ion  of science objec t ives  f o r  J u p i t e r  o r b i t e r  missions , 
1) p a r t i c l e  and f i e l d  measurements, and 2)  planetology measure- 
ments. Recal l  t h a t  a similar s p l i t  was found i n  the development 
of candidate  instruments f o r  J u p i t e r  o r b i t e r  missions.  Four 
d i f f e r e n t  mission p r o f i l e s  were suggested t o  inves t iga t e  the 
t rade-of fs  of t h i s  s i t u a t i o n .  These a r e  given i n  Table 2-4. 
Mission No. 1 i s  s p e c i f i c a l l y  a p a r t i c l e  and f i e l d  mission, It 
involves two spacecraf t  i n  45-day o r b i t s  a t  t w o  i nc l ina t ions .  
The mul t ip le  spacecraf t  and d i f f e r e n t  o r b i t  i nc l ina t ions  a r e  
se lec ted  to  improve the  s p a t i a l  coverage of the  enormous region 
of the Jovian magnetosphere. Mission No. 2 i s  s p e c i f i c a l l y  a 
planetology mission using a 15-day inc l ined  o r b i t  t o  maximize 
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the coverage of a l t i t ude - l imi t ed  instruments.  Mission No. 3 
a l s o  a planetology mission, reduces the  l a t i t u d e  coverage by 

to observe the  Gal i lean s a t e l l i t e s  Mission No. 4 i s  designed 
t0 do both p a r t i c l e  and f i e l d  and planetology experiments. I t s  
o r b i t  per iod of 30 days i s  d e f i n i t e l y  a compromise between the 
opposing measurement requirements on o r b i t  s i ze .  

g an equa to r i a l  o r b i t  i n  exchange f o r  mul t ip le  oppor tuni t ies  * 

A breakdown of the se l ec t ed  science packages and 
required spacecraf t  subsystem weights f o r  each of these four  
mission d e f i n i t i o n s  i s  presented i n  Table 2-5. Mission No, 1 
( P a r t i c l e  and Fie lds)  uses  a sp in - s t ab i l i zed  spacecraf t  which 
could be a modified Pioneer F/G design. The t o t a l  spacecraf t  
weight i s  small enough t o  consider  a double spacecraf t  launch 
with a s i n g l e  Ti tan launch vehic le .  

Mtssion No. 2 (Planetology) only c a r r i e s  p lane t -  
o r ien ted  experiments. Emphasis i s  therefore  placed on t i g h t  
o r b i t s  Q- 15-day per iod)  t o  improve the resolut ion/coverage 
c h a r a c t e r i s t i c s  of the  experiments. Mission No. 3 science 
(Planetology and S a t e l l i t e s )  i s  s imi l a r  t o  t h a t  of Mission No.2, 
except several p a r t i c l e  and f i e l d  instruments were added t o  
measure magnetospheric dis turbances of t he  Jovian s a t e l l i t e s .  
Two instruments ,  (narrow band photometer and X-ray imager), 
which are n o t  as use fu l  i n  equa to r i a l  s a t e l l i t e  observat ion 
o r b i t s ,  have been dropped leaving the t o t a l  science payload 
unchanged. Again t i g h t e r  o r b i t s  are des i rab le .  

Mission N o .  4 i s  a compromise which automatical ly  
places  i t s  o r b i t  per iod i n  the 30-day (one month) range. I t s  

* 
70-1070 "Touring the Gal i lean S a t e l l i t e s "  presented by 
J. Niehoff a t  the AAS-AIAA Astrodynamics Conference, August 1970. 
An a b s t r a c t  of t h i s  paper can be found on page 113 of t h i s  r epor t ,  

This technique i s  discussed i n  d e t a i l  i n  AIAA Paper Number 
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TABLE 2-5  
SCIENCE AND SPACECRAFT WEIGHT BREAKDOWNS 

10 lb .  

SCIENCE II~’STiEUi%EIu’T S : 

VECTOR HELIUM MAGNETOMETER 
ELECTROSTATIC PLASMA ANALYZERS (2) 
LEPEDEA 
PARTICLE DETECTOR AND DOSIMETER 
GEIGER TUBE TELESCOPE 
TRAPPED RADIATION DETECTORS(4) 
SWEPT FREQUENCY RF RECEIVER 
DC ELECTRIC FIELD DETECT0R;v 
MICROMETEORITE DETECTORS(2) 
RETURN BEAM V I D I C O N  
NEAR-IR LINE SCANNER 
THREE - CHANNEL I R  RADIOMETERk2 
UV SPECTROPHOTOMETER 
NARROW BAND W PHOTOMETER 
X-RAY IMAGER 
IONOSONDE 
TOTALS 

10 l b .  

4 

SPACECRAFT : 

SCIENCE 
I R  RADIOMETER COOLING SYSTEM 
COMMAND CONTROL AND SEQUENCING 
DATA MANAGEMENT AND STORAGE 
TELEMETRY (INCLUDE S ANTENNA) 
RTG POWER AND CONDITIONING 
THERMAL CONTROL 
ALTITUDE CONTROL 
GUIDANCE SENSOR SYSTEM 
PLANETOLOGY INSTRUMENT PLATFORM 
STRUCTURE (INCL e BOOMS) AND SHIELD INC 
CONTINGENCIES (- 15%) 
TOTAL 

* USES RF RECEIVER ANTENNA 

MISSION 1 

10 l b .  
9 
4 
6 
3 
5 
8 
4 

11 

60 lb .  

60 l b .  

1 7  
35 
43 

150 
10 
40 

75 
70 

500 lb .  

MISSION 2 

11 
35 
28 
28 
2 5  
18 

8 
25 

178 lb .  

178 l b .  
50 

45 
105 
165 
2 75 
25 

150 
30 
35 

175 
217 

1450 l b  

3 
5 
8 

11 
35 
28 
28 
25 

25 
178 lb .  

178 lb .  
50 
50 

105 
165 
275 

25 
150 

30 
35 

205 
232 

1500 lb .  

218 lb .  
50 
50 

105 
165 
300 

25 
150 
30 
35 

235 
237 

1600 lb .  

** REQUIRES AN ADDITIONAL 50 lb. SOLID METJUNE COOLING SYSTEM, 

18 



spacecraf t  i s  the  heavies t  of t he  four ,  carrying a complete 
complement of science instruments.  I t s  o r b i t ,  however, i s  no t  
as  good ( i , e e ,  too la rge)  a s  those of Mission Nos. 2 and 3 from 
the  s tandpoints  of planetology r e so lu t ion  and coverage. 
f o r  i t s  p a r t i c l e  and f i e l d  measurements, the  o r b i t  could be even 
l a rge r .  I ts  heavier  spacecraf t  weight a l s o  suggests a p re fe r -  
ence f o r  l a rge r  o r b i t s .  This  mission was not  judged to  be a 
good a l t e r n a t i v e .  

Yet, 

The t o t a l  i n j ec t ed  payload from e a r t h  required by each 
mission i s  compared with the payload c a p a b i l i t y  of each se lec ted  
f l i g h t  mode i n  Figure 2-3, Mode 5 i s  not  included s ince  i t s  
energy c h a r a c t e r i s t i c s  were so high t h a t  i t s  small  payload 
c a p a b i l i t y  w a s  obviously i r r e v e l a n t .  Mission No. 1, P a r t i c l e  
and Fie lds  Orbi te r ,  i s  divided i n t o  two opt ions (1A and 1B) i n  
the  f igure .  Option 1 A  i s  the  payload required fo r  launch of a 
s ing le  spacecraf t  while Option 1 B  i s  the payload required f o r  
two spacecraf t  on one launch vehic le .  The f l i g h t  modes (launch 
veh ic l e - t r ans fe r  combinations) were def ined i n  Table 2-3. It i s  
eoneluded t h a t  a T i t an  111 F/Centaur launch vehic le  and probably 
a space-s torable  propulsion system w i l l  be required t o  perform 
any of the  suggested planetology missions.  The Ti tan  111 D/ 
Centaur i s  more than adequate f o r  Mission No. 1 A  and i s  a l so  
acceptable  €or Mission No. 1 B  i f  space-s torable  propulsion is 
used. In  general ,  a 760-day t r a n s f e r  with a lO-day launch 
window w i l l  be required.  However, during the low-energy oppor- 
t un i ty  s e r i e s  of 1974-1976 and 1980-1984 the launch window can 
be enlarged t o  more p r a c t i c a l  values  of 15-20 days. The 
considerat ion of high-energy upper s tages ,  e.g.  , a hydrogen/ 
f luo r ine  kick s tage  o r  a s o l a r - e l e c t r i c  low-thrust  s tage ,  on the 
Ti tan  vehic les  has n o t  been considered. Such addi t ions  should 
be s tudied as a l t e r n a t i v e s  t o  seven-segment s o l i d s  f o r  the T i  
and development of space-s torable  r e t r o  systems. 
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Four s p e c i f i c  recommendations are made as conclusions 
to the  study: 

Press f o r  a double Pioneer P/F o r b i t e r  mission 
launched by a s i n g l e  Ti tan  111 DICentaurlBurner 19 
during the series of low-energy J u p i t e r  opportun- 
i t i e s  from 1974 t o  1976. 

Encourage the  continued development of b e t t e r  
planetology instruments t o  cope with the  resolu-  
t i o n l i n t e n s i t y  problems a t  J u p i t e r .  

Plan t o  i n i t i a t e  planetology o r b i t e r  missions 
a f t e r  the  Grand Tour missions during the  s e r i e s  
of low-energy J u p i t e r  oppor tuni t ies  from 1980 t o  
1984. 

Continue with plans f o r  e a r l y  atmospheric probe 
missions s ince  o r b i t a l  instruments w i l l  no t  provide 
da t a  below J u p i t e r ’ s  c2ob;d- tops. 
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Report No.  M-25 
"A PRELIMINARY STUDY OF COMPOSITE ORBITER/LANDER 

MISSIONS TO TJIE SATELLITES OF THE OUTER PLANETS" 
M. J. Pr ice  and D .  J. Spadoni 
September 19 7 0 

A prel iminary study has been made of the s c i e n t i f i c  
ob jec t ives  and payload requirements f o r  landing unmanned space- 
c r a f t  on s a t e l l i t e s  of the four  g i an t  outer  p lane ts .  S c i e n t i f i c  
and opera t iona l  r a t i o n a l e  a r e  developed f o r  s e l ec t ing  s i x  major 
s a t e l l i t e s  f o r  composite o r b i t e r l l a n d e r  missions.  Specif ic  
missions t o  I o  ( Jup i t e r  I),  Europa ( Jup i t e r  I I ) ,  Ganymede 
(Jupi te r  111) C a l l i s t o  ( Jup i t e r  IV) , Titan (Saturn V I )  and 
Tr i ton  (Neptune I) a r e  considered. Two c l a s ses  of lander  
missions (of equal mass i n  s a t e l l i t e  o r b i t )  a r e  discussed,  1) .a 

s ing le  sof t - lander ,  and 2 )  mul t ip le  (10) rough-landers a 

The major  object ive of such missions would be the  
co l l ec t ion  of s c i e n t i f i c  da ta  p e r t i n e n t  to:  

1) a b e t t e r  understanding of the mode(s) 
of formation of the  s a t e l l i t e s  and 
smaller  p lane ts  of the  s o l a r  system, 

the study of the o r ig in  of planetary/  
s a t e l l i t e  systems, 

2)  

3 )  comparing theor ies  f o r  the evolut ion 
of p l a n e t / s a t e l l i t e  systems with those 
f o r  the evolut ion of the  s o l a r  system 
i t s e l f .  

Lander experiments should emphasize i d e n t i f i c a t i o n  of  fundamen- 
t a l  chemical and physical  p rope r t i e s  of the  s a t e l l i t e ,  The 
o r b i t i n g  bus, regarded a s  an e s s e n t i a l  comunica t ion  l i n k  
between the lander  and ea r th ,  could enhance these measurements 
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by generat ing g loba l  sur face  f e a t u r e  and thermal maps through 
o r b i t a l  imagery. With these da t a  the  s a t e l l i t e s  could be 
compared w i t h  the  smaller  t e r r e s t r i a l  p l ane t s  and the  moon, 
hopeful ly  providing new i n s i g h t  i n t o  the  v a s t  d i f fe rences  of 
the  inner  and ou te r  p l ane t s ,  Surface experiments and i n s t r u -  
mentation appropr ia te  f o r  i n i t i a l  landings a r e  b r i e f l y  discussed,  

A second objec t ive  f o r  s a t e l l i t e  lander  missions i s  
the use of these  bodies as bases f o r  the  remote observation of 
t h e i r  parent  p l ane t s .  A s a t e l l i t e  base has the inherent  advan- 
tage  of platform s t a b i l i t y  compared wi th  an o r b i t i n g  spacecraf t .  
Also ,  i f  the s a t e l l i t e s '  r o t a t i o n  per iods  a r e  locked t o  t h e i r  
o r b i t a l  per iods (e.g.  the  moon and e a r t h ) ,  a s  i s  pred ic ted ,  then 
the  parent  p l ane t  i s  continuously observable from any landing 
s i t e  on the "front-face" of the s a t e l l i t e .  Since the s i x  
s a t e l l i t e s  s e l ec t ed  a l l  apparent ly  revolve w e l l  ou ts ide  the 
in tense  regions of p lane tary  r a d i a t i o n  b e l t s ,  r a d i a t i o n  hazards 
should not  be a major concern. The cons tan t  a l t i t u d e  of  these 
r egu la r  s a t e l l i t e s  above t h e i r  paren t  p l ane t s  would s impl i fy  
imagery requirements f o r  p lane tary  observat ions.  

The s a t e l l i t e s  were also considered a s  bases f o r  
monitoring the magnetospheres surrounding the parent  p l ane t .  
However, i t  w a s  concluded t h a t ,  a t  l e a s t  u n t i l  the  ex is tence  
and c h a r a c t e r i s t i c s  of ou ter  p l a n e t  magnetospheres have been 
b e t t e r  e s t ab l i shed ,  the d i s rup t ive  e f f e c t s  of t he  s a t e l l i t e s  
presence would make such measurements d i f f i c u l t  t o  i n t e r p r e t .  
Hence a payload cons i s t ing  s o l e l y  of p a r t i c l e  and f i e l d  i n s t r u -  
ments w a s  considered inappropr ia te  f o r  any lander  mission. 

Tra jec tory  and payload analyses were performed f o r  
the composite o r b i t e r l l a n d e r  mission t o  each of the s i x  r egu la r  
s a t e l l i t e s  i d e n t i f i e d  above. The c l a s s  of so f t - l ande r  missions 
were s ized  t o  a u se fu l  landed payload of 1000 l b s . ,  exclusive 
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of terminal guidance (descent radar )  va r i ab le -  t h r u s t  propulsion 
and landing gear .  Experiment instrumentat ion was l imi t ed  t o  
100 l b s .  For the  class of rough-lander missions 60 l b s .  u se fu l  
payload (exclusive of the impact l i m i t e r )  was allowed a t  impacts 
- < 200 f t / s e c .  The assoc ia ted  science was l imi t ed  t o  10-15 l b s .  
In  e i t h e r  case  the  supporting o r b i t e r  was assumed t o  weigh 
1500 l b s .  

Payload requirements w e r e  determined by separa t ing  
the mission i n t o  four  d i s t i n c t  phases and applying var ious  
propulsion systems t o  each phase. The phase breakdown, i n  
reverse order  of occurrence, i s  as follows: 

1) Terminal landing maneuver; va r i ab le -  t h r u s t  (ear th-  
s t o r a b l e )  chemical propulsion considered f o r  s o f t -  
l ander ,  f r e e - f a l l  assumed f o r  rough-lander, 

9: 
2)  Deorbit  and braking maneuvers; chemical 

propulsion considered fer  both deo rb i t  
impulse and cons t an t - th rus t  braking 
maneuver j u s t  p r i o r  to  terminal descent.  

Polar  s a t e l l i t e  o r b i t  i n s e r t i o n ;  chemical” 
three-impulse maneuver sequence from 
p l a n e t  approach of b a l l i s t i c  and s o l a r -  
e l e c t r i c  low-thrust  i n t e rp l ane ta ry  t r a n s f e r s ,  
s p i r a l  low-thrust approach from nuclear-  
e l e c t r i c  t r a n s f e r  followed by single-impulse 
chemical propulsion capture  maneuver. 

4 )  In t e rp l ane ta ry  t r a n s f e r ;  b a l l i s t i c ,  s o l a r -  

3 )  

electr ic  low-thrust ,  and n u c l e a r - e l e c t r i c  
low-thrust  f l i g h t  modes considered. 

J; Candidate chemical p rope l l an t s  include ea r th - s to rab le ,  
s o l i d ,  space-s torable  and cryogenic. 
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Payload r e s u l t s  ind ica ted  t h a t  a nominal t o t a l  u se fu l  weight of 
4000 l b s .  w a s  required i n  a 100-km po la r  c i r c u l a r  s a t e l l i t e  
o r b i t  t o  perform the defined so f t - l ande r  missions ( t h i s  includes 
the  1500 l b s .  communications r e l a y  and mapping o r b i t e r )  * I n  
order  t o  apply the i n t e r p l a n e t a r y  t r a j e c t o r y  and payload analy- 
ses equal ly  t o  each mission class,  t he  rough-lander missions 
w e r e  a l s o  permitted a t o t a l  u se fu l  i n - o r b i t  weight of 4000 l b s .  
Analysis of the  rough-lander propulsion requirements showed 
t h a t  ten landers ,  t h e i r  support  c a r r i a g e  and the  o r b i t e r  were 
wi th in  t h i s  weight allowance. 

Assuming t h a t  combinations of ea r th - s to rab le ,  space- 
s to rab le ,  cryogenic and s o l i d  propulsion systems can be made 
ava i l ab le  f o r  s a t e l l i t e  cap ture ,  d e o r b i t ,  braking and landing 
maneuvers, t he  payload f e a s i b i l i t y  of e i t h e r  lander -c lass  
mission can be summarized i n  terms of the in t e rp l ane ta ry  f l i g h t  
mode employed. This i s  done i n  Table 2-6. 

Missions using b a l l i s t i c  i n t e rp l ane ta ry  t r a j e c t o r i e s  
a r e  conceptually poss ib l e  to  a l l  s i x  se l ec t ed  s a t e l l i t e s  using 
Saturn-class  launch veh ic l e s .  A mission t o  C a l l i s t o  i s  f e a s i b l e  
wi th  the  Intermediate-20/Centaur i f  cryogenic propulsion i s  used 
f o r  the  capture  and braking maneuvers. The Saturn V provides 
mission c a p a b i l i t y  to Europa, Ganymede and C a l l i s t o  without 
regard t o  the  type of propulsion used a t  the s a t e l l i t e .  Adding 
a Centaur t o  the Saturn V makes poss ib l e  missions t o  a l l  four  
Gal i lean s a t e l l i t e s  of J u p i t e r  and the  more d i s t a n t  s a t e l l i t e s  
T i t an  (Saturn) and Tr i ton  (Neptune) wi th  f l i g h t  t i m e s  ranging 
from about 2 years  t o  the Gal i lean s a t e l l i t e s  t o  11 years  t o  
Tr i ton .  

S o l a r - e l e c t r i c  low-thrust  missions a r e  poss ib le  t o  
Europa, Ganymede, C a l l i s t o  and Ti tan  with the Intermediate-20/ 
Centaur as  a launch veh ic l e .  The f l i g h t  t i m e s  a r e  comparable 
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t o  the  b a l l i s t i c  f l i g h t  mode f o r  C a l l i s t o  and somewhat longer 
f o r  the  o ther  t h ree  s a t e l l i t e s .  

The n u c l e a r - e l e c t r i c  low-thrust  f l i g h t  mode makes 
poss ib l e  missions to  a l l  s i x  s a t e l l i t e s  wi th  a Ti tan-c lass  
launch veh ic l e .  Missions t o  the s a t e l l i t e s  of J u p i t e r  and 
Saturn r equ i r e  the T i t an  IIIF woh.lclo (seven-segment s o l i d s ) .  A 
mission t o  Tr i ton  r equ i r e s  the  Ti tan  IIIF/Centaur.  
requirements t o  the  Gal i lean  s a t e l l i t e s  a r e  somewhat longer 
than the  b a l l i s t i c  and s o l a r - e l e c t r i c  counterpar t s ,  t h i s  being 
a t t r i b u t e d  t o  the use of s p i r a l  ear th-departure  and J u p i t e r -  
approach maneuvers employed wi th  the  n u c l e a r - e l e c t r i c  mode. 
For a n u c l e a r - e l e c t r i c  f l i g h t  t o  T i t a n  (Saturn) t h i s  time 
d e f i c i t  i s  made up on the in t e rp l ane ta ry  t r a n s f e r .  For a T r i ton  
(Neptune) mission the f l i g h t  t i m e  i s  from 2 t o  4 years  s h o r t e r  
wi th  n u c l e a r - e l e c t r i c  propuls ion.  

F l i g h t  time 

Based on the r e s u l t s  of t h i s  s tudy,  i t  i s  concluded 
t h a t  composite o r b i t e r l l a n d e r  missions t o  the  ou te r  p l ane t  
s a t e l l i t e s  a r e  deserving of f u r t h e r  study. Spec i f i ca l ly ,  we  
recommend a prephase-A mission study f o r  missions to  Ganymede 
( J u p i t e r )  and T i t an  (Saturn) .  Primary emphasis should be 
given t o  d e f i n i t i o n  of s c i e n t i f i c  ob jec t ives ,  instruments,  sub- 
system requirements, opera t ions ,  propulsion system t r a d e o f f s ,  
and comparison of the  explora t ion  p o t e n t i a l  of a sof t - lander  
versus  mul t ip l e  rough landers .  
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Report No, M-26 

"MERCURY ORBITER M I S S I O N  STUDY" 
An Inter im Report 
By D.  A. Klopp and W. C .  Wells 
November 1 9  70 

The primary purpose of t h i s  nearly-completed s tudy i s  
t o  i nves t iga t e  the u t i l i t y  of  s o l a r - e l e c t r i c  low-thrust  pro- 
puls ion a s  appl ied t o  an e a r l y  Mercury o r b i t e r  mission. The 
study i s  scheduled f o r  completion during December 1970. The 
major sub-tasks of the study a re :  

1. 
ments which might be achieved by an e a r l y  o r b i t e r  
mission e 

Defin i t ion  of s c i e n t i f i c  ob jec t ives  and measure- 

2 I) 

spacecraf t  bus c h a r a c t e r i s t i c s .  
Prel iminary d e f i n i t i o n  of science payload and 

3 .  
optimizat ion.  

Survey of Earth-Mercury low-thrust  t r a j e c t o r y  

4 .  Comparison of s o l a r - e l e c t r i c  low-thrust  mission 
c a p a b i l i t i e s  t o  b a l l i s t i c  mode mission c a p a b i l i t i e s ,  

These sub-tasks have been discussed i n  g r e a t e r  d e t a i l  i n  t he  
previous semi-annual r epor t ,  which summarized the cur ren t  
s t a t u s  of p lane to logica l  science as  appl ied to  Mercury, the  
s c i e n t i f i c  ob jec t ives  which might be achieved during an e a r l y  
o r b i t e r  mission, and s p e c i f i c  s c i e n t i f i c  ob jec t ives .  It has 
been concluded t h a t  v i s u a l  imaging experiments a r e  l i k e l y  t o  
be the  most u se fu l  type of experiments, Consequently, mission 
ana lys i s  i s  l i k e l y  t o  emphasize those mission modes most s u i t -  
able  f o r  performing v i s u a l  imaging experiments. 
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A preliminary est imate  of a science payload represen- 
t a t i v e  of a f i r s t -gene ra t ion  o r b i t e r  cons i s t s  of the s i x  
instruments l i s t e d  i n  Table 2-7 ,  The instrument c h a r a c t e r i s t i c s  
given i n  the t a b l e  a re  based upon p lane t  observation from a 
c i r c u l a r  po la r  o r b i t  of 500 km a l t i t u d e .  The &-inch vidicon 
camera w i l l  provide single-frame p i c t u r e s  of  a 600 x 600 km 
surface a rea  a t  a ground reso lu t ion  of 1-3 km, depending upon 
the scene con t r a s t .  Ver t i ca l  he ight  d i f fe rences  on the p l ane t  s 

surface of 500 meters should be de tec tab le  a t  l o w  sun angles.  
Complete v i s u a l  coverage of Mercury's surface w i l l  r equ i r e  180 
days i n  o r b i t .  

The in f r a red  l i n e  scanner provides thermal mapping of  
Mercury's surface under both dayl ight  and n ight  condi t ions.  It 
can be operated simultaneously with the t e l e v i s i o n  camera thus 
providing both v i s u a l  and thermal imagery (3 -50  pm) of the same 
surface a reas .  Temperature d i f fe rences  of f i v e  deg K can be 
detected r e l i a b l y  a t  ground r e so lu t ions  of t h ree  km. The t e l e -  
v i s i o n  camera together with the in f r a red  l i n e  scanner meet the 
major imaging requirements fo r  an e a r l y  o r b i t a l  mission. 

Both the in f r a red  and microwave radiometers acquire 
da t a  from a three km wide swath d i r e c t l y  underneath the o r b i t i n g  
spacecraf t  and aligned with the o r b i t a l  ground t r ace .  The ten- 
channel i n f r a red  instrument operates  i n  the s p e c t r a l  region 
2 t o  30 pm, supplementing da ta  from the wide band in f r a red  
scanner, and may be able  t o  d e t e c t  compositional d i f fe rences  on 
the  surface.  The microwave radiometer, operat ing a t  40 GHz, i s  
capable of de t ec t ing  br ightness  temperature d i f fe rences  of l e s s  
than one deg K. The radar  a l t ime te r  u t i l i z e s  the same antenna 
as the  microwave radiometer and should be capable of measuring 
l o c a l  a l t i t u d e  d i f fe rences  of l e s s  than a few hundred meters. 
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AVERAG 
WEIGHT POWER 

{ I  bs.1 1 watts) 

EVlSON CAMERA 24 24 0 

2. INFRARED LINE SCANNER I I  7 5 

3. TEN-CHANNEL INFRARED 
RADIOMETER 20 15 0. I 

4. MICROWAVE RADIOMETER 37 20 0.0 I 
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Such da ta  would supplement topographic r e l i e f  information derived 
from analys is  of the t e l ev i s ion  imagery. The u l t r a v i o l e t  spec- 
trometer i s  included i n  the na ture  of a contingency, but could 
provide da ta  use fu l  i n  deducing the composition of Mercury's 
tenuous atmosphere. The t o t a l  science package i s  est imated t o  
weigh about 120 lb s .  (55 kg) . During normal operat ion,  an 
average power requirement of about 70 wat t s  i s  an t i c ipa t ed ,  and 
da ta  i s  acquired a t  the  r a t e  of about 65 k i l o b i t s  per  second, 
Current ly  the  instrument s e l ec t ion  and design i s  being r e f ined ,  
bu t  the weight,  power requirement, and da ta  acquis i t ion  r a t e  of 
the  science package f i n a l l y  se l ec t ed  i s  n o t  expected t o  d i f f e r  
ma te r i a l ly  from the est imates  given here .  

Orbi te r  Bus 

Having e s t ab l i shed  a r ep resen ta t ive  science payload 
and da ta  ra te ,  the s i z e  of the supporting subsystems may be 
est imated with prel iminary r e s u l t s  shown i n  Table 2-8. The r a t e  
a t  which d a t a  must be t ransmit ted from the  o r b i t e r  t o  Earth i s  
l a r g e l y  dominated by the  opera t iona l  p r o f i l e  of the t e l e v i s i o n  
camera system. The est imates  presented here  a r e  based upon a 
one-orbi t  da t a  load of 10 
23 o r b i t s .  This  p r o f i l e  can be accommodated by t ransmit t ing t o  
the Goldstone antenna twa hours every day a t  a r a t e  of 1 2  k i l o -  
b i t s  per  second. These est imates  a r e  c u r r e n t l y  being re f ined .  
For example, the time dependence of the Sun-Earth-Mercury angle 
i s  being s tudied  t o  determine i t s  inf luence upon the  opportuni- 
t i e s  f o r  da ta  t ransmission.  Therefore the  835 l b .  (380 kg) 
o r b i t e r  weight shown i n  the t ab le  should be regarded as  a 
prel iminary est imate  which may be rev ised ,  b u t  i s  usefu l  i n  
focusing upon the  range of i n t e r e s t  (800 t o  1000 l b .  o r  350 t o  
450 kg) with regard t o  the  in t e rp l ane ta ry  t r a n s f e r ,  

8 b i t s  with new da ta  required every 

I I T  R E S E A R C H  I N S T I T U T E  

32 



I 200  

~ A D ~ ~ , C O M M A N D ,  SEQUENCER 65 40 

DATA CONDITION I N G 5 0  3 

DATA RECORDER 

ATTITUDE CONTROL 

S-BAND ANTENNA 

TRANSMITTER 

SOLAR PANELS 

BATTERIES 

15 

100 

30 

2 0  

35 

80 

50  

835 

10 

20 

I20 

I___ 

290 

33 



B a l l i s t i c  F l i g h t  Modes 

Earth-Mercury b a l l i s  t i c  and swing-by t r a j  ec t o r i e s  
s u i t a b l e  f o r  o r b i t a l  missiocs  i n  the  time frame 1980-2000 have 
been i d e n t i f i e d  by Manning ("Trajectory Modes f o r  Manned and 
Unmanned Missions t o  Mercury", Journal  of Spacecraft  and Rockets, 
Vo1.4, No.9, September 1967, pp.1128-1135). I n  each launch year ,  
the  optimum opportuni ty  i s  presumed t o  be t h a t  opportuni ty  which 
minfmizes the  sum of the Earth departure  AV and the Mercury 
capture  AV. Optimum t r a j e c t o r i e s  gene ra l ly  involve a r r i v i n g  
near  Mercury's nodes because of t he  i n c l i n a t i o n  of Mercury's 
o r b i t . .  The d i r e c t  b a l l i s t i c  annual minimum AV oppor tuni t ies  
r epea t  on a 13-yr.  cyc le .  Assuming a 1000 l b .  o r b i t e r  i n  a 
500 km a l t i t u d e  c i r c u l a r  o r b i t  a t  Mercury, the t o t a l  spacec ra f t  
weight which must be parked i n  a 100 nm a l t i t u d e  Ear th  o r b i t  
p r i o r  t o  the trans-Mercury i n j e c t i o n  may be estimated. The 
r e s u l t s  a r e  shown i n  Figure2-i tover  the  1 3 - y ~ .  cyc-le from 1980 
t o  1993. These r e s u l t s  a r e  based on a 315 I f o r  the Venus 
swing-by and Mercury capture  propuls ive  s t ages ,  and a. 4.45 sec 
I Both two and th ree  s-tage 
chemical r e t r o  maneuvers a t  Mercury were examined. For c-ompari- 
son, the f i g u r e  a l so  shows, by h o r i z o n t a l  dashed l i n e s ,  the  
parking o r b i t  deliv-ery capabi l i - t ies  of selected Launch v e h i a e s .  
The 1980, 1982, 1983, 1988, and 1989 launch opportuni ty  r e s u l t s  
are based on a Venus swing-by maneuver; the  o the r  oppor tun i t i e s  
u t i l i z e  the d i r e c t  b a l l i s t i c  mode. The most favorable  opportun- 

SP 

f o r  the  Ear th  depar ture  s tage .  
SP 

i t y  i s  the  1988 powered Venus swing-by, although the 1000 l b .  
Mercury payload i s  s l i g h t l y  beyond the  c a p a b i l i t y  o f  a 
Ti tan  IIID(7)lCentaur.  

So la r -E lec t r i c  F l i e h t  Modes 

Low-thrust i n t e rp l ane ta ry  m.ission modes a re '  &ten  
charac te r ized  by the performance index J ,  def ined a s  the  square 
of t he  t h r u s t  acce le ra t ion  vec to r  i n t eg ra t e~d  over the  time of 
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f l i g h t ,  Payload c a p a b i l i t y  goes inverse ly  with J, t h a t  i s ,  f o r  
a spec i f ied  launch v e h i c l e ,  the  l a r g e r  the value of J the  
smaller  the del ivered payload. Thus J i s  analogous, i n  some 
re spec t s ,  t o  the i d e a l  v e l o c i t y  o r  t he  value of C3 with r e f e r -  
ence t o  a b a l l i s t i c  mission. For  f ixed  va lues  of the  hyperbol ic  
launch excess v e l o c i t y  (VHL), the  hyperbol ic  a r r i v a l  excess 
v e l o c i t y  (VHP), and the time o f  i n t e rp l ane ta ry  f l i g h t ,  launch 
oppor tuni t ies  may be recognized by examining the dependence of 
J upon the da t e  of  launch. Since the  time of f l i g h t  i s  f ixed ,  
J may be equal ly  w e l l  p l o t t e d  aga ins t  the da t e  of a r r i v a l ,  r a t h e r  
than the  da t e  of launch, as i n  Figure 2-5.  For each a r r i v a l  
da t e ,  the  f i g u r e  shows the  minimum value of J which can be 
achieved by an optimum t h r u s t  vec tor  
both the  magnitude and the  d i r e c t i o n  
be var ied  a t  w i l l .  For t h i s  reason,  
i s  Jv (m /sec ), the  v a r i a b l e  t h r u s t  
assume a 400 day t r i p  t i m e ,  a VHL of  
zero km/sec (rendezvous a t  Mercury). 
optimum f o r  a T i t an  IIID (5)/Centaur 

2 3 

con t ro l  program i n  which 
of the t h r u s t  vec tor  can 
the  J shown on the ord ina te  
J. The r e s u l t s  shown 
f i v e  km/sec, and a VHP of 

launch vehic le .  In  general  
These values  a r e  near  

i t  has been found t h a t  t he re  a r e  about t h ree  r e l a t i v e l y  good 
launch oppor tuni t ies  i n  each calendar  year .  Unlike b a l l i s t i c  
t r a j e c t o r i e s ,  the optimum a r r i v a l  da t e  appears t o  be completely 
unrelated t o  Mercury's l i n e  of nodes o r  i t s  apse l i n e .  For t h i s  
reason,  the  r e s u l t s  shown a re  expected t o  be genera l ly  t y p i c a l  
of any launch year.  It should be emphasized t h a t  i n  obtaining 
these r e s u l t s ,  Mercury's o r b i t  was assumed t o  be both eccen t r i c  
and inc l ined  t o  the e c l i p t i c  plane.  That i s ,  although e a r l i e r  
s tud ie s  had a l s o  ind ica ted  t h a t  the optimum a r r i v a l  da te  i s  n o t  
co r re l a t ed  wi th  the apse l i n e  o r  l i n e  of nodes, i t  could be 
argued t h a t  such c o r r e l a t i o n  was obscured by the assumption t h a t  
Mercury's o r b i t  i s  c i r c u l a r  and coplanar with the  e c l i p t i c .  
This i s  not  the  case with the r e s u l t s  shown he re ,  
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Another proper ty  o f  t he  s o l a r - e l e c t r i c  low-thrust  
launched oppor tuni t ies  ind ica ted  i n  the  f i g u r e  i s  the re la t ive  
broadness of t he  low-thrust  launched oppor tun i t i e s ,  as compared 
t o  t y p i c a l  b a l l i s t i c  launch oppor tuni t ies .  For s m a l l  departures  
from the optimum (minimum) va lue  of J ,  t h e  corresponding decrease 
i n  de l ivered  payload i s  propor t iona l  t o  the  increase i n  J. 

The s i z e  of t he  de l ivered  payload depends upon many 
factors  n o t  ind ica ted  i n  Figure 2-5, such as launch v e h i c l e  
and s o l a r - e l e c t r i c  propulsion s t age  c h a r a c t e r i s t i c s  e Resul t s  
obtained thus f a r  has  been based upon the  use of t he  T i t an  3X 
(1205)lCentaur launch veh ic l e  and optimizing the  VHL, the  VHP, 
t he  a r r i v a l  (or launch) d a t e ,  and t h e  s o l a r - e l e c t r i c  s t age  power 
and s p e c i f i c  impulse t o  d e l i v e r  the  maximum o r b i t  payload. The 
payload r e s u l t s  a r e  shown i n  Figure24 a s  a funct ion of t r i p  t i m e  
from 300 t o  400 days. Longer t r i p  times would r e s u l t  i n  even 
l a r g e r  payloads, b u t  were n o t  i nves t iga t ed .  It should a l s o  be 
noted t h a t  j e t t i s o n i n g  the  e n t i r e  s o l a r  e l e c t r i c  propulsion 
s t age  p r i o r  t o  the  o r b i t  cap ture  maneuver increases  the i n j e c t e d  
payload by about 1000 l b s .  (450 kg).  The i n j e c t e d  payload a l s o  
depends upon the  o r b i t  chosen a t  Mercury. Figure 2-7 shows in j ec -  
ted  payloads (assuming j e t t i s o n i n g  of the s o l a r - e l e c t r i c  s tage)  
as a funct ion of per iapse  and apoapse r ad ius  f o r  a 400 day t r i p  
t i m e .  F i n a l l y ,  Figure 2-8 shows the  optimum power ( a t  one AU) 
and s p e c i f i c  impulse of t he  s o l a r - e l e c t r i c  s t a g e  as a funct ion 
of t r i p  t i m e .  

Remaining Tasks 

A s  mentioned above, t he  science payload and spacecraf t  
subsystem s i z i n g  a r e  c u r r e n t l y  being reviewed. I n  add i t ion ,  
the s o l a r - e l e c t r i c  mode w i l l  be inves t iga t ed  f o r  off-optimum 

( t h a t  i s ,  smaller)  power l e v e l s  and f o r  o the r  launch v e h i c l e s ,  
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An o r a l  p re sen ta t ion  summarizing the main r e s u l t s  of the study 
i s  scheduled f o r  December 16, while a prel iminary d r a f t  of the 
study f i n a l  r e p o r t  i s  scheduled f o r  completion s h o r t l y  a f t e r  
t h e  f i r s t  of the year.  
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Report No. M-27 
"ATMOSPHERIC ENTRY AT URANUS AND NEPTUNE" 
An Interim Report by J. I. Waters and M. J. Price 
November I970 

The objective of t h i s  study i s  tha t  of defining survi-  
vab le  probes f o r  e n t r y  i n t o  the atmospheres of Uranus and Neptune. 
The JPL-TOPS i s  used as  a guideline design of the parent: space- 
craft. The study i s  r e s t r i c t e d  t o  two mission opportunities: 

the 2979 J-U-N Grand Tour and 
the 1981 S-U-N Grand Tour. 

The f i r s t :  p a r t  of the study deals with the choice of 
planetary atmospheric models. These models are used i n  %;he 
study's second h a l f ,  dealing with entry probe t r a j ec to r i e s .  
F i n a l l y  a tentat ive probe design w i l l  be suggested. 

Models of the physical s t ruc tures  of the atmospheres 
of Uranus and Neptune a re  based primarily on recent work by 
Belton, McEZray, and Price (50 be published). From an analysis  
of  %Jailable spec t r~scop ic  photometric and radio observational 
da t a ,  these two planets were shown LG be very s imilar ,  being 
surrounded by deep, essent ia l ly  pure, H2 atmospheres. Helium 
is  a minor const i tuent ,  and both atmospheres are  c l ea r  of  cloud 
particles a t  l e a s t  down to  the e f fec t ive  leve l  of penetration 
of so l a r  photons. Radii  have been obtained f o r  the atmospheres 
from albedo s tudies  and scale heights derived on the assumption 
that the atmospheres are i n  rad ia t ive  equilibrium w i t h  the so l a r  
f lux.  Preliminary seleytiozi of the science objectives fo r  
i n i t i a l  probe missions has been made and a candidate science 
instrument payload assembled. The instrument payload, l i s t e d  
i n  Table 2-g3 weighs 22 pounds not  including a power supply and 
c ommun ie a t  ions equipment 
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TABLE 2-9 

CANDIDATE INSTRUMENTS FOR SURVIVABLE 

FROBE MISSIONS TO URANUS AND NEPTUJYE 

I MEASURABLE 

CHEMICAL 

COMPOSITION 

TEMPERATURE 

RAM SPECTROMETER 

NEUTRAL MASS SPECTROMETER 
I O N  MASS SPECTROMETER 

LOW-g ACCELEROMETER 

HIGH-g ACCELEROMETER 

RAM PRESSURE GAUGE 

BAROGRAPH 

THERMOMETER 
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The t r a j e c t o r y  study began with the choice of the 
1979 J-U-N and 1981 S-U-N Grand Tour mission opportuni t ies  a8 
typ ica l  in te rp lane tary  t r a j e c t o r i e s .  
f l i g h t  path angle a t  en t ry  have been s tudied a s  funct ions of 
de f l ec t ion  time along the approach paths  e Entry condi t ions 
r e s u l t i n g  from def lec t ion  increments of l e s s  than 100 km/sec 
have been found which include en t ry  angles  between -20" and 
-40 " .  These en t ry  condi t ions have been forwarded t o  the Ames 
Research Center (NASA) along with se lec ted  vehic le  parameters e 

Hea% s h i e l d  ab la t ion  and insu la t ion  mass w i l l  be found f o r  the 
se l ec t ed  condi t ions by ARC. 

Aerodynamic ve loc i ty  and 

A prel iminary look a t  spacecraft-probe communication 
angles and t i m e s  suggests t h a t  t h i s  may be a c r i t i c a l  problem, 
parCicular ly  a t  Uranus. This a rea  w i l l  be examined i n  d e t a i l  
as p a r t  of a study of post-entry descent t r a j e c t o r i e s  which i s  
now under way. Having obtained hea t  s h i e l d ,  pressure ves se l  
and parachute weight requirements a prel iminary probe design 
w i l l  be suggested which w i l l  attempt t o  meet communication 
requirements and science s b j  ec t ives  wi th in  t o t a l  probe weight 
cons t r a in t s  

1 I T  R E S E A R C H  I N S T I T U T E  
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Technical Memorandum No. M-28 

"INTERSTELLAR MISSIONS" 
An Inter im Report by R.  Brandenburg 
OC tober-  ~1970. 

I n t e r s t e l l a r  explorat ion i s  the l o g i c a l  extension of 
solar system explorat ion,  and it  i s  t o  t h i s  end t h a t  advanced 
planning must u l t imate ly  be d i r ec t ed .  This sho r t  memo i s  
designed t o  be a prel iminary,  though comprehensive, look a t  the 
var ious aspects  of i n t e r s t e l l a r  t r a v e l ,  By tying together  r;lrzch 
of the previous re levant  work i n  t h i s  f i e l d ,  t h i s  study w i l l  
hopeful ly  serve as a base from which more spec i f i c  and ambitious 
work on i n t e r s t e l l a r  missions can p r o f i t .  
i n t o  three  major tasks:  

The s tudy i s  divided 

o Examine the s o l a r  "neigh3orhood" f o r  i n t e r e s t i n g  
o r  "promising" s t e l l a r  systems t o  serve as  t a r g e t s  
f o r  unmanned i n t e r s t e l l a r  probes. 

Assess the  a p p l i c a b i l i t y  of cur ren t  and proposed 
advanced space propuls ion systems f o r  i n t e r s t e l l a r  
missions.  

o 

o Detqmine the gross  requirements f o r  missions t o  
the  se lec ted  s t e l l a r  systems using the most  favor- 
ab le  propulsion systems ( i e e e  $ provide a wide 
survey giving an ind ica t ion  of the  mass r a t i o s ,  
f l i g h t  times $ acce lera t ions  and naviga t iona l  
problems involved. ) 

The f i r s t  task has been completed. This w a s  e s s e n t i a l -  
l y  the se l ec t ion  o f  a few t a r g e t  stars a t  which t-o aim our 
i n t e r s t e l l a r  probes,  To do t h i s  a sphere with a rad ius  of 20 
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l i gh t -yea r s  
"so lar  neighborhood". Within t h i s  volume of space (- 2.85 
x km ) there  a r e  s i x t y  observable s t e l l a r  systems, inc lu-  
ding the  sun. These systems a r e  l i s t e d  i n  Table 2-10. From 
these s i x t y  systems twelve were chosen a s  t a r g e t s  f o r  i n t e r -  
s t e l l a r  probes based on three  c r i t e r i a :  

w i th  the sun a t  i t s  center  was chosen t o  be the 

3 

Simi la r i ty  t o  the  sun. The primary purpose of 
i n t e r s t e l l a r  probes should be the  search f o r  
p l ane t s ,  p referab ly  p l ane t s  capable of sus ta in ing  
l i f e  . Based on the one da ta  poin t  ava i l ab le  ( the  
exis tence o f  the solar  system) stars of approxi- 
mately the sun ' s  rad ius  and temperature may have 
p lane tary  systems. For t h i s  reason a l l  F ,  G ,  and 
K type stars were considered as poss ib le  t a r g e t s .  

3 

2)  Existence of unseen companions. A s t a r  whose 
motion i s  per turbed by a l a rge  dark companion may 
poss ib ly  have smaller  p l ane t s  o r b i t i n g  i t  o r  the 
dark companion. Barnard 's  Star  i s  the c l a s s i c a l  

1 l i g h t  - year % 63,000 AU o r  RI 9.4 x 1 O I 2  km. 

There may be more than s i x t y  systems i f  ob jec t s  of l a rge  
mass, bu t  extremely low luminosity a r e  counted, but  s ince  these 
objec ts  a r e  c u r r e n t l y  undetectable  they cannot be included i n  
our survey. 

F i r s t  generat ion i n t e r s t e l l a r  probes should be designed t o  
search f o r  p l ane t s  capable of sus t a in in5  carbon-based l i f e  
wi th in  a s p e c i f i c  temperature zone (273 + X" K) around a 
parent  s t a r  (dependent on the luminosity and rad ius  of the  
parent  s t a r ) .  L i f e  based on another element, such as s i l i c o n ,  
o r  e x i s t i n g  upon a l a r g e ,  massive, warm body d i s t a n t  from any 
s t a r  may c e r t a i n l y  be poss ib le .  However the tremendous d i f -  
f i c u l t i e s  involved i n  searching f o r  condi t ions amicable t o  
known forms of l i f e  a r e  small  compared to  those involved i n  
searching f o r  unknown condi t ions favorable  t o  unknown forms 
of l i f e .  
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TABLE 2-10 
STELLAR SYSTEMS WITHIN 20 LIGHT-YEARS OF THE SUN 

STELLAR SYSTEM 

(I Centauri 
Barnard's Star 

Wolf 359 

Luyten 726-8 

lalands 21185 

Sirius 

Ross 154 

ROB8 248 

c Eridani 

Ross 128 

61 Cy& 

Luyten 789-6 

Procyon 

P Indi 

P 2398 

Groambridge 34 

T C e t i  

Uaeaille 9352 

BD + 5-1668 

U c a i l l e  8760 

Kapteyn's Star 

Kruger 60 

Ross 614 

BD - 12-4523 

van Mnanen'a Star 

Wolf 424 

Groombridge 1618 

CD - 37'15492 

CD - 46'11540 

BD + 2092465 

CD - 44'11909 

CD - 49'13515 

AOa 17415-6 

Ross 780 

Ulande 25372 

CC 658 

o Eridani 

70 Ophiuehi 

Alta ir  

BD + 43'4305 

Ac 79'3888 

+15"2620 

" caseiopsi.. 

.Y Dracmia 

36 Ophiuchi 

HR 7703 

HR 5568 

U l s n d e  2l258 

-21'1377 

Wtm 97-12 

a P w m i a  

Luyten 347-14 

+404048 

I (u: 48) 

-40'9712 

Rosa 47 

Luyteo 741-46 

W 36395 

Wolf 294 

DISTANCE RIGHT DECLINATION 
(light-years) ASCENSION 

4.3  

6.0 

7.7 

7.9 

8.2 

8.7 

9.3 

10.3 

10.8 

10.9 

11.1 

11.2 

11.3 

11.4 

11.6 

11.7 

11.8 

11.9 

12.4 

12.8 

13.0 

13.1 

13.1 

13.4 

13.8 

14.6 

14.7 

U.9 

15.3 

15.4 

15.6 

15.6 
15.8 

U.8 

15.9 

16.0 

16.3 

16.4 
16.5 

16.3 

16.6 

16.9 

18.0 

18.2 

18.2 

18.6 

18.7 

19.2 

19.2 

19-2 

19.2 

19.3 

19.4 

1 9 4  

19.5 

19.9 

19.9 

20.0 

20.0 

14h36?2 

17h55?4 

10h54?2 

lh36?4 

llh dp6 

6%2% 

lSh46?7 

2+39% 

3h30?6 

llh45?l 

2 lh  4?7 

22h35?7 

7h36?7 

21h59?6 

1Eh42?2 

Ohl5b 

lh41?7 

23h 2?6 
7%4?7 

5h 9?7 

21h14?3 

22%6?3 

6% 6% 

16%75 

Oh46?5 

1Zh30% 

10h 8?3 

oh 2% 

17%4% 

10h16% 

17h33?5 

21h30?2 

17!36?7 

22h50% 

13%3?2 

11h42?7 

4h13% 

18h 2% 

22h44b 

1gh48?3 

11%4?3 

13%1% 

Oh43?0 

1gh33% 

17h 9% 

20h 5% 

l l h  0% 

7h53% 

14hS1?6 

bh 6% 

19%9% 

19'13% 

19h12% 

17h38% 

15%6% 

sh36% 

7'36% 

5%6% 

Sh48'Pp 

-60.38' 

+ 4'33' 

+ 7'20' 

-18'13' 

+36" 18' 

-16'39' 

-23'531 

+43'55' 
- 9938' 

+ 1- 7' 

+38'30' 

-15" 37' 
+ 5-21! 

-57- 0' 

+59033' 

+43*44' 

-16'U' 

-36. 9' 
+ 5029' 

-39' 4' 

-45" 0' 

e 7 . 2 7 '  

- 2'47' 

-12'32' 

+ 5" 10' 

+ 9018' 

C 49-42' 

-37-36' 

-46'51' 

+20" 7' 

-44'16' 

-49'13' 

+68"23' 

-14' 31' 

+15'10' 

-64033' 

- 7'44' 

+ 2.31' 
+ 8'40' 

+44" 5' 

+78*37' 

+15'26' 

+57'17' 

+69*29' 

-26'27' 

-36.11' 
-20'58' 

454" 2' 

-21*49' 

-67'30' 

-66-26' 

-45'42' 

+ 5* 2' 

-57014' 

-40'54' 

+12*29' 

-17-10' 

- 3'42' 

+33"24' 

l .p9(0.88,o.l)  

0.15 

-0.20 - 
0.35 

2.31(0.98) 

-0.31 

-0.25 

0.80 

-0.31 

0.59(0.50) 

-0.25 

1.75(0.64) 

0.71 - 
0.38 

0.82 

0.67 

-0.38 

0.54 

-0.44 

0.27(0.16) 

0.14 

-0.38 

0.56 

0.39 

-0.44 

-0.46 

-0.34 

0.37 

0.35 

-0.39 

0.  1(0.44,0.21) 

0.89(0.68) 

590.0 

0.26 

-0.35 

0.42 

0.85(0.52) 

0.82 

0.77(0.76,0. b3) 

0.76(-0.35) 

0.70(0.50) 

0.43 

0.455 

0.98 

0.26 

0.39 

0.l4 

0.40 

0.35 

0.51 

0.49 

RADIUS 
f Me) 

1.23(0.87,-) 

-0.12 

-0.03 

-0.05(-0.04) 
4 . 3 5  

1.8(O.M2) 

-0.12 

-0.07 

0.90 

4 . 1 0  

0,70(0.80) 
-0.08 

1.7(0.01) 

1 .0  

-0.28(-0.20) 

-0.38(-0.11) 

-0.67 

-0.57 

-0.16 

-0.82 

4.24 
0.51 (-1 

4 . 1 4  

-0.22 

-0.09(4.09) 

-0.5 
-4.4 

-0.25 

-0.28 

-0.15 

-0.34 

-0.39 
-0.23 

-0.40 

l.o(o.28.o.0000s2) 

0.00040 

0.000017 

O.OOO~(O.OOOo3) 

0.00481 

23.0(0.008) 

0.00036 

0.w1d 
0.25 

O.WOP0 

0.052 (0.028) 

0.00012 

5.8(0.  00064) 

0.12 

0.0028(0.0013) 

0.0058 (0. O W )  

0.36 

0.013 

0.0010 

0.028 

0.0025 

0.0013(0.00033) 

0.00052 

0.0013 

0.00016 

O.OM)14(0.00014) 

0.030 

0.0058 
0.0023 

0.0028 

0.00058 

0 . W  

0.0040 

0.0014 

0.0063 

0.0008 

0.7(0.018.0.43) 0.30(0.W0,0.0008) 

-1.03(-0.&6) 0.40(0.083) 
1.2 8.3 

-0.24 0.0016 

-0.15 0.0008 

-0.50 10 .01  

0. W0.07) 1.0(-0.03) 

4.28 -0.4 

-0.90(-0.82,-0.90) -0.26(-0.26.0.09) 

-0.80(4.14) -0.20(-0.0008) 

-0.87(-0.61) -0.l4(-0.017) 

-0.47(-0.05) -0.01(-0.00004) 

4.59 -0.016 

-0.OOOO3 

-1.07 -1.0 

-0.08 -0.0001 

-0.43(-0.W) -0.007 (-0.000002) 

-0.wo2 

-0.29 -0.003 
-0.17 -0.wo8 

-0.wo2 (-0.000003) 

-0.69 4.02 

4 . 4 6  -0.008 
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example of t h i s  type of system, having one o r  two 
unseen companions about the same mass a s  J u p i t e r .  
Any s t e l l a r  system thought t o  have a low-mass dark 
companion w a s  considered as a poss ib le  t a r g e t .  

3)  I n s t a b i l i t y  of p lane tary  o r b i t s  within a s ta r ' s  
"life-zone" due t o  per turba t ion  by o ther  components 
of mul t ip le  s tar  systems. I f  a range of tempera- 
t u re s  i s  assumed f o r  the  exis tence of l i f e  the 
ex ten t  of a zone about a s tar  can be computed 
(using the s ta r ' s  r ad ius  and luminosity) wi th in  
which the i n t e r s t e l l a r  probe should search f o r  
p lane ts .  I f  i n  mul t ip l e  s ta r  systems, per turba-  
t i ons  cause p lane tary  o r b i t s  wi th in  these zones t o  
be unstable ,  the  system was no t  considered t o  be a 
good t a r g e t  f o r  the  purposes of t h i s  study. 

The twelve se lec ted  s t e l l a r  t a r g e t s  a r e  l i s t e d  i n  Table 2 -11 ,  
and t h e i r  pos i t i ons ,  a s  viewed from the  e a r t h ,  p l o t t e d  on a sky 
map i n  Figure 2 - 9 .  

The second t a sk ,  the examination of propulsiori systems 
has j u s t  begun. 

I n  order  t o  g e t  some ind ica t ion  o f  the  propulsion 
system requirements f o r  i n t e r s t e l l a r  probes,  f l i g h t  times t o  
s eve ra l  of  the  se l ec t ed  t a r g e t  s t e l l a r  systems a t  severa1,velo-  
c i t i e s  a r e  shown i n  Figure 2-10 ( for  t h i s  f i g u r e  acce le ra t ion  
and dece lera t ion  t i m e s  ranged from a few months, f o r  the low 
v e l o c i t i e s ,  t o  s eve ra l  years ,  f o r  the  higher  v e l o c i t i e s )  Note 
t h a t  the time sca l e  on the ord ina te  exceeds the  length of 
recorded h i s t o r y .  I f  an upper l i m i t  t o  mission durat ion i s  s e t  
a t  severa l  human l i fe t imes it i s  c l e a r  from t h i s  f i g u r e  t h a t  
v e l o c i t i e s  i n  a t  l e a s t  t he  lower  r e l a t i v i s t i c  region (v > 0 . 1 ~ )  
must be obtainable .  Since we a r e  deal ing wi th  unmanned probes 
the r e l a t i v i s t i c  t i m e  d i l a t i o n  o r  slow-down experienced aboard 
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TABLE 2-11 
TARGET STELLAR SYSTEMS 

DISTANCE 
STELLAR SYSTEM (LIGHT-YEARS) REMARKS 

a CENTAUR1 

BARNARD'S STAR 

E ERIDANI 

61 CYGNI 

PROCYON 

E INDI  

T CETI 

GROOMBRIDGE I618 

70 OPHIUCHI 

q CASSIOPEIAE 

u DRACONIS 

6 PAVONIS 

4.3  

6.0 

10.8 

12.1 

11.3 

11.4 

11.8 

14.7 

16.4 

18.0 

18.2 

19.2 

Three component system; a Cen A almost 
i den t i ca l  t o  the Sun, B (near A ,  rp - 
11.2  AU, ra = 35.6 AU) smaller and 
cooler ,  C a red dwarf q u i t e  d i s t a n t  
from A & B. 

- 

Small coo1,red dwarf. Ma have one 
m z 1 . 7  m y 
[mi 3 1.1 my , a = 4.7 AU; m2 = 0.8 m y  
a 2.8 AU) unseen companions. 

Single s t a r ,  cooler and smaller than 
the Sun. 

a 1s 4.5 AUT or two 

A double system which may have a t h i r d  
unseen component (m 3 16my ) , 

Double system with a ho t ,  yellow-white 
main component, and a s m a l l ,  f a i n t  
(perhaps white dwarf) companion. 

Single star,  cooler than the Sun. 

Single s t a r ,  s imilar  t o  the Sun. 

Single s tar ,  cooler than and about 
ha l f  the s i z e  of the Sun. 

Double system, A & B revolve about each 
other  with a period of - 88 yr .  (e r 0 . 5 ,  
a = 22.8 AU. 
companion a 

Double system. Component A i s  near ly  
iden t i ca l  t o  the Sun. A & B revolve 
about each other  with a period of - 500 yr. (e = 0.53, a 1 7 0  AU). May 
be a t h i r d  unseen companion. 

Single s t a r ,  s l i g h t l y  cooler than the 
Sun. 

May be a t h i r d  dark 

Sing17 star, similar to  the  Sun. 

SS OF JUPZTER, 1.9 x kg 
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the  probe i s  use fu l  only i n  reducing the r e l i a b i l i t y  requi re -  
ments of the  spacecraf t ,  and n o t  i n  reducing the apparent f l i g h t  
time f o r  an as t ronaut ,  

The 
a re :  

0 

0 

0 

0 

0 

0 

0 

propulsion systems t o  be assess  i n  t h i s  study 

Nuclear e l e c t r i c  propulsion 
Nuclear Pulse  (Bomb) propulsion 
Nuclear (Fiss ion and Fusion) s taged rocket  
Fusion rocket/X-ray pumped gas l a s e r  dr ive  
Fusion rocket/X-ray pQwered ion dr ive  
Bussard I n t e r s t e l l a r  Ramjet 
Matter - a n t i  mat ter  photon propulsion 

4 

5 
5 

6 
7 

The nuclear  pulse  rocke t ,  t h e o r e t i c a l l y  develo ed i n  the  
e a r l y  1960's a t  Gulf-General Atomic (Project  Oriony, employs a 
l a r g e  number of small thermonuclear bombs, e jec ted  out  the  r e a r  
of the spacecraf t  and exploded every few seconds. A l a rge  
ab la t ion  shield/pusher-plate  absorbs the  momentum and with the 
a i d  of a l a rge  shock absorber t r a n s f e r s  a constant  acce lera t ion  
t o  the payload end of the  spacecraf t .  

A way t o  u t i l i z e  the  energy of X-rays produced i n  a fusion 
rocket  engine i s  presented i n  "Some Aspects of Thermonuclear 
Propulsion" by G.  L. Matloff and H. He Chiu i n  The Journal  of  
the  Astronaut ical  Sciences,  Vole W I I I ,  No.1, pp.57-62, J u l y  - 
August 1970. 

hydrogen i n t o  i t s  fusion r eac to r ,  g r e a t l y  reducing the amount of  
t ransported t e r r e s t r i a l  fuel. 
7 
allowed t o  a n n i h i l a t e  one another (baryon conservation) and the 
r e s u l t a n t  r ad ian t  energy r e f l e c t e d  and col l imated i n t o  a uni-  
d i r e c t i o n a l  t h r u s t  beam. The problem f o r  t h i s  system i s  the  
production and containment of s i zeab le  q u a n t i t i e s  of ant i -mat ter  

The i n t e r s t e l l a r  ramjet magnet ical ly  funnels  i n t e r s t e l l a r  

I n  t h i s  system matter and ant i -mat ter  are brought together ,  
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The nuclear  f i s s i o n  o r  fusion staged rocket  appears a t  
t h i s  t i m e  t o  be the only technological ly  f e a s i b l e  propulsion 
system poss ib l e  wi th in  the next  severa l  decades which can a t t a i n  
the high acce le ra t ions  and r e l a t i v i s t i c  v e l o c i t i e s  necessary i n  
i n t e r s t e l l a r  t r a v e l .  Using a one g acce le ra t ion  (and decelera-  
t i o n  a t  targe-t) a f ive s tage  uranium f i s s i o n  rocket  may be 
capable of achieving v e l o c i t i e s  of 0 .3  c wi th  a mass r a t i o  
( i n i t i a l  r e s t  mass / f ina l  r e s t  mass a t  burnout) of about l o 6  to  
10 . The f l i g h t  t i m e  t o  a Centauri  would then be about 15-16 
years ,  and t o  6 Pavonis, - 65 years .  The five s tage  fus ion  
rocke t ,  a l s o  wi th  a m a s s  r a t i o  of l o 6  to  l o 7 ,  may be capable of 
v e l o c i t i e s  a s  high a s  0.6 c and f l i g h t  t i m e s  of - 8 years  and 
w 32 years  t o  a Centauri  and 6 Pavonis, r e spec t ive ly .  

7 

The t h i r d  task ,  the development of an o v e r a l l  v i e w  of 
i n t e r s t e l l a r  missions,  should focus on some of the more i n t e r -  
e s t i n g  aspec ts  involved, such as the  problems o r  phenomena 
associated with navigat ion and v e l o c i t y  vec to r  con t ro l .  Navi- 
ga t ion  a t  r e l a t i v i s t i c  v e l o c i t i e s  w i l l  be a p a r t i c u l a r  problem. 
In  add i t ion  t o  the  s h i f t  i n  r e l a t i v e  s t e l l a r  pos i t i ons  on the  
c e l e s t i a l  sphere due t o  the  probes motion out  of the  s o l a r  
system, the  doppler e f f e c t  w i l l  cause the spectrum of the s t a r s  
i n  the forward d i r e c t i o n  t o  s h i f t  toward the  W ,  and those i n  
the backward d i r e c t i o n  toward the  I R .  The aberat ion of l i g h t  
a t  r e l a t i v i s t i c  v e l o c i t i e s  w i l l  a l s o  cause a d i s t o r t i o n  i n  the 
apparent s t a r  f i e l d ;  a t  0 . 9  c approximately 90% of the  v i s i b l e  
s t a r s  w i l l  appear t o  the probe t o  be i n  the  forward hemisphere. 
A l l  these  e f f e c t s  po in t  t o  the need f o r  a h ighly  soph i s t i ca t ed  
naviga t iona l  scheme. 

The t o t a l  mission t i m e  9 f l i g h t  t i m e  + dis tance  t o  the  
t a r g e t  s t e l l a r  system i n  l i gh t -yea r s .  
allows f o r  da t a  transmission back t o  e a r t h  (4.3 years  f o r  
a Centauri ,  19.2 years  f o r  6 Pavonis). 

The second t e r m  here  
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R .  L. Forward pointed out  the  i n t e r e s t i n g  p o s s i b i l i t y  
of using the  g a l a c t i c  magnetic f i e l d  t o  c o n t r o l  the i n t e r s t e l l a r  
probes'  v e l o c i t y  vec to r .  Using a long charged cable  a probe 
could perform extens ive  midcourse maneuvers, perhaps even 
c i r c l i n g  back i n t o  the s o l a r  system a f t e r  i t s  i n t e r s t e l l a r  
voyage. The p r o p e r t i e s  of the  l o c a l  g a l a c t i c  magnetic f i e l d  3 

would have t o  be more thoroughly known than a t  p resent ,  however, 
f o r  such a scheme t o  be workable. 

"Zero Thrust  Veloci ty  Vector Control f o r  I n t e r s t e l l a r  Probes: 
Lorentz Force Navigation and Circl ing" R .  L,  Forward, AIAA 
Journa l ,  V01.2, No.5, May 1964. 
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Report No, M-29 
"COMET RENDEZVOUS MISSION STUDY" 
An In ter im Report by A. L. Fr iedlander ,  D .  9 .  Spadcmi, 
and W. C .  Wells 
November 1970 

The goa l  of t h i s  study i s  t o  e s t a b l i s h  the value and 
c h a r a c t e r i s t i c s  of a comet rendezvous mission. Previous come% 
mission s t u d i e s  have considered f l y  through which t y p i c a l l y  
allows one day wi th in  the  cometary region.  
permits  s eve ra l  hundred days of  observations.  With an a r r i v a l  
before  pe r ihe l ion  the  temporal aspec t  of comet a c t i v i t y  can be 
s tudied .  During t h a t  t i m e  extensive s p a t i a l  i nves t iga t ions  earn 
a l s o  be made. 

The rendezvous mode 

The study task  objec t ives  a r e  l i s t e d  i n  Table 2-12. 
A t  t h i s  time, the review of comet theo r i e s  and observat ions w i l  
be discussed b r i e f l y .  Following t h a t  w i l l  be a summary of low-  
t h r u s t  s o l a r - e l e c t r i c  t r a j e c t o r i e s  f o r  the 1980 a p p a r i t i o  
P/Encke. Guidance and s ta t ionkeeping f o r  the Encke mission will 
also be discussed. Three o the r  comets recommended i n  the  Comet 
Rendezvous Opportunities study w i l l .  a l s o  be inves t iga ted .  

COMET THEORIES AND OBSERVATIONS 

Both the j u s t i f i c a t i o n  of  comet missions and important 
design parameters f o r  these missions depend on understanding the 
theo r i e s  of comet o r i g i n  and a c t i v i t y .  The four  comets i n  t h i s  
study a r e  i n  per iodic  o r b i t s  and i t  i s  thought t h a t  they have 
been captured by p lane tary  pe r tu rba t ions .  Previous t o  capture  
they would have been a new o r  parabol ic  comet which had spent  
most of the l a s t  4.5 x 10 years  i n  a vast  cloud of approxi- 
mately 1Ol'comets loca ted  between 20,000 and 100,000 AU from t h e  
sun. Only in  t h a t  way can cometary m a t e r i a l  survive,  f o r  the 

9 
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TABLE 2-12 

COMET RENDEZVOUS MISSIONS 

STUDY OBJECTIVE 

0 ESTABLISH THE VALUE AND CHARACTERISTICS OF 
THE RENDEZVOUS MISSION MODE OF COMET STUDY 

TASK OBJECTIVES 

1. 

2. 

3a. 

b. 

4 .  

5. 

6 .  

7. 

REVIEW THEORIES AND OBSERVATIONS OF COMETS, 

SELECT AND DESCRIBE INSTRUMENTS THAT WILL 
PROVIDE A SIGNIFICANT RETURN OF DATA. 

DETERMINE TRAJECTORY CHARACTERISTICS FOR 3- 
IMPULSE BALLISTIC AND GRAVITY-ASSISTED MISSIONS e 

INVESTIGATE LOW THRUST (SOLAR OR NUCLEAR 
ELECTRIC) TRAJECTORY CHARACTERISTICS. 

DETERMINE THE GUIDANCE MAWWERS REQUIRED BY 
COMET ORBIT UNCERTAINTIES. 

SPECIFY TYPICAL STATIONKEEPING OPERATIONS OF 
THE SPACECRAFT e 

ESTIMATE SPACECRAFT PARAMETERS (WEIGHT, POWER, 
DATA RATE) FROM A SUBSYSTEM SCALING ANALYSIS. 

SYNTHESIZE GOOD COMBINATIONS OF TRAJECTORY 
CAPABILITY, SCIENTIFIC VALUE AND 
OPERATIONAL RELIABILITY. 
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l i f e t i m e  of a per iodic  comet i s  very  s h o r t  compared with t h e  age 
of  the s o l a r  system. 

The composition of comets i s  thought t o  be primative 
ma te r i a l  s i m i l a r  t o  the  e a r l y  p l ane ta ry  nebula.  It would take 
the  form of a small  i c e  nucleus binding together  dus t  and gases 
which a r e  re leased  when the  comet i s  heated a t  small  s o l a r  
d i s tances .  Some molecules i n  the cloud o r  coma about the nucleus 
can be i d e n t i f i e d  by the resonance f luorescence r a d i a t i o n  they 
e m i t .  Also  observed i n  comet spec t r a  are ions and a s o l a r  con- 
tinuum r e f l e c t e d  by dust .  Both the ions and the  dus t  a r e  
acce lera ted  by sun l igh t  and stream away from the  coma to  form 
Type I and Type I1 t a i l s  r e spec t ive ly .  

In  Table 2-13 the  o r b i t a l  elements of these four  comets 
are l i s t e d  along wi th  o the r  observed p rope r t i e s .  
e s p e c i a l l y  i n t e r e s t i n g  because of i t s  s h o r t  per iod,  and i t s  
activj . ty which i s  a r e s u l t  of i t s  small pe r ihe l ion  d is tance .  
Since the 1980 appa r i t i on  w i l l  be the  52nd observed r e t u r n ,  
t he re  are extensive records on p o s i t i o n s ,  b r igh tness ,  the  
spectrum, e tc .  This  comet i s  f requent ly  c i t e d  f o r  i t s  non- 
g r a v i t a t i o n a l  acce le ra t ions  and i t s  secu la r  decrease i n  
br ightness .  

P/Encke i s  

P/Halley i s  by f a r  the most spec tacular  pe r iod ic  
comet. The long per iod  (76 years )  and re t rograde  o r b i t  a r e  
unusual f o r  pe r iod ic  comets. The dus t  conten t  i s  h igh ,  and 
the re fo re  i t  i s  hard t o  i d e n t i f y  molecular s p e c t r a l  l i n e s  i n  
the  presence of the  s t rong  continuum. The t a i l  c o n s i s t s  of 
both ion and dus t  types.  
and the  Orionids meteor i te  showers are debr i s  Erom-PIHalley and 

I t  i s  suspected t h a t  t he  q Acquarids 

t h a t  the  TourFJs are due t o  P/Encke. 
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TABLE 2-13 

OB SERVED COMET PROPERT I E  S 

P/ENC?XE 

ORBITAL ELEMENTS 

Per ihe l ion  Date 12/6/80 
Period,  Y r .  3 e 303 
Eccen t r i c i ty  0 e 847 
Per ihe l ion  D i s t . ,  AU 0.339 
I n c l i n a t i o n  11.95" 
Long. of  Node 185 ., 98" 
Arg. of Per ihe l ion  334.19" 

DIMENSIONS 

Radius of Nucleus km 1.3 
Radius of Coma,lO km 0 .1  
Length of Tai1,lO km 5.0 

Mass g 

6 
6 

TYPICAL ACTIVITY 

Brightness (Mo) 11.5 

end +50 
Coma: begin* -80 

T a i l :  begin -30 
end -15 (?) 

Maximum Ac t iv i ty  - 15 

SPECTRUM 
S 
M 

CH W 
OH W 
NH W 

Continuum : W 

Molecules: '2 c C j  

C 6  S 

Ions : CQ' - 

P/d'ARREST P/KOPFF 

9/18/82 6/ 14 183 
6.394 6.444 
0.622 0.545 
1.300 1.576 

19.59' 4.73" 
138.89" 120.37' 
176,93" 162.78" 

1.3 
0.1 
>0.1 
1 0 ~ 5  

9.5 
0 

+80 
0 

+80(?) 
+30 

M 
M 
S 
W 
W - 
- 
W 

(S = s t rong ,  M - moderate, W - weak) 
* Days From Per ihe l ion  

P/HALLEY 

2/5/86 
75 e 993 
0.967 
0 587 

162 e 24' 
111.86" 

58,15" 

3.2 16 
0.05 0.2 

0*2  30.  
1oI8 

7.0 
-40 
+80 

-40 (?) 
+80 

0 

M 
M 
S 
W - 
s 

- 
W 

4 
- 125 
+12 5 

-75 
+75 

+30 (?) 

S 
M 
S 
M - 

S 
S 
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There a r e  e igh t  major quest ions on the na ture  of 
comets which the  rendezvous mission should attempt t o  provide 
answers fo r .  These quest ions,  l i s t e d  i n  Table 2-14 do not  
consider  the o r i g i n  and previous h i s t o r y  of the comet, but  i t  
i s  hoped t h a t  by def ining the present  s t a t e ,  and the  processes 
modifying t h a t  s t a t e ,  the p a s t  can be reconstructed.  

SOLAR ELECTRIC %RAJECTORY/PAYLOAD ANALYSIS 

The t r a j e c t o r y  da t a  generated i n  the previous study 
(Comet  Rendezvous Opportuni t ies)  w a s  s u f f i c i e n t  f o r  purposes of 
ident i fy ing  prel iminary mission f e a s i b i l i t y .  However , t h i s  
da ta  base needed to  be expanded f o r  the  t rade-off  analyses 
required i n  the  present  mission study. The main t h r u s t  of t h i s  
new e f f o r t  i s  i n  the a rea  of s o l a r  e l e c t r i c  propulsion appl ica-  
t ions .  Trade-off parameters of i n t e r e s t  include:  f l i g h t  time, 
a r r i v a l  da te ,  launch vehic le ,  powerplant r a t i n g  and propulsion 
on- time. 

Figure 2-11  i l l u s t r a t e s  the  s o l a r - e l e c t r i c  payload 
c a p a b i l i t y  f o r  missions t o  Comets Encke and Kopff. Net space- 
c r a f t  (science and support  subsystems) rendezvous weight i s  
p l o t t e d  as  a funct ion of a r r i v a l  time f o r  the Ti tan 3C launch 
vehic le .  Points  indicated on the curves represent  a l o c a l  
optimum f l i g h t  time and the corresponding optimum power r a t i n g  
f o r  the given a r r i v a l  time. For example, the 970-day f l i g h t  
t o  P/Encke a r r i v i n g  50 days before  per ihql ion de l ive r s  1500 l b s .  
f o r  a powerplant r a t i n g  of 16 kw a t  1 AU. 
i s t i c  t o  be noted i s  t h a t  n e t  spacecraf t  weight increases  as 
the arr ival  da te  approaches per ihe l ion .  This increase i s  more 
pronounced f o r  the sho r t e r  f l i g h t  times t o  P/Kopff. 
per ihe l ion  a r r i v a l  times (50-100 days) a r e  prefer red  from a 

A general  character-  

Pre- 
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TABLE 2-14 

0 

0 

0 

0 

0 

0 

WHAT I S  THE PHYSICAL STATE AND COMPOSITION 
OF THE NUCLEUS? 

WHAT I S  THE COMPOSITION OF THE MOLECULES AND 
DUST RELEASED BY THE COEBT? 

WHAT I S  THE RATE OF RELEASE? 

DOES THE L O S S  OF MATERIAL AFFECT THE COMET 
ORBIT?  

HOW ARE THE OBSERVED COMA MOLECULES AND T A I L  
I O N S  F O W D ?  

WHAT I S  THE CAUSE O F  I R R E G U L A R I T I E S  I N  THE 
A C T I V I T Y  OF COMETS? 

HOW DOES A COMET INTERACT WITH THE SOLAR 
WIND AND SOLAR MAGNETIC F I E L D ?  

WHAT I S  THE SIZE D I S T R I B U T I O N  OF DUST LOST 
FROM THE COMET? 
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T ITA N 30 / C E N TAU W /SE P 
SAME F L I G H T  TIME AND 
POWER AS T I T A N  SC/SEP 

0 

A R R I V A L  TIME, DAYS 86FQR 

FIGURE 2-1 1 .  SOLAR-EL 
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science s tandpoint  s ince  the spacecraf t  would then be i n  the 
comet v i c i n i t y  a t  the onset  of a c t i v i t y .  Also,  i n  the case of 
the  1980 appar i t ion  of P/Encke, the comet cannot be observed 
from e a r t h  a f t e r  20 days before  per ihe l ion .  Hence, the t rade  
of f  between science and t r a j e c t o r y  requirements i s  evident  
One notes  a l so  t h a t  the power r a t i n g  decreases with l a t e r  
a r r i v a l s ,  and t h a t  the power requirements a re  s i g n i f i c a n t l y  
higher  f o r  the sho r t e r  f l i g h t  time t r a j e c t o r i e s  t o  P/Kopff. In 
t h i s  regard,  i t  should be mentioned t h a t  longer f l i g h t s  t o  
P/Kopff (975-1145 days) have been i d e n t i f i e d ;  these would 
a l l e v i a t e  the  problem of l o w  payloads and l a r g e  powerplants. 
Also  shown i n  the f igu re  i s  the  e f f e c t  of s tepping up to  the  
Ti tan 3D/Centaur launch veh ic l e .  The increase i n  payload i s  
q u i t e  s i g n i f i c a n t  f o r  the Encke mission but  much l e s s  s o  f o r  
the  Kopff mission. 

Taking the Encke mission as an example, the excess 
payload c a p a b i l i t y  of the Ti tan 3D/Centaur may be u t i l i z e d  
e f f e c t i v e l y  t o  gain engineering advantages i n  the SEP spacecraf t  
design. Figure 2-12shows n e t  rendezvous weight as a funct ion of 
power r a t i n g  with propulsion on-time as a parameter. The 
Ti tan  3DICentaur c a p a b i l i t y  shown i n  the previous f igu re  
del ivered 2500 lbs .  a t  a power r a t i n g  of 16  kw but  required 
almost f u l l  propulsion (- 970 days) .  Here we see t h a t  both 
power and propuls ion time can be reduced t o  more des i r ab le  
l e v e l s  and s t i l l  m e e t  t he  mission payload requirements. For 
example, assuming a 1200 lb .  n e t  spacecraf t  t o  be a t y p i c a l  
requirement, the propulsion on-time can be decreased t o  about 
600 days f o r  a powerplant r a t i n g  of 14 kw. 

Figure 2-13 i l l u s t r a t e s  the  SEP t r a j e c t o r y  p r o f i l e  
corresponding t o  the  example design poin t .  The most immediate 
c h a r a c t e r i s t i c  of i n t e r e s t  i s  the  f a c t  t h a t  t h i s  t r a j e c t o r y  
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PROPULSION ON- TIME 
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c a l l s  f o r  an i n i t i a l  coas t  per iod of almost 300 days. This 
comes about because the l a r g e  hyperbol ie  launch v e l o c i t y  of 
9 km/sec i s  s u f f i c i e n t  t o  provide the i n i t i a l  t r a j e c t o r y  
shaping. 
a l a t e r  po in t  (about 3 AU) t o  t u rn  the  t r a j e c t o r y  i n t o  Encke's 
o r b i t  and t o  provide f i n a l  v e l o c i t y  matching., An 85-day coas t  

The low t h r u s t  system i s  most e f f i c i e n t l y  u t i l i z e d  a t  

per iod a l s o  appears l a t e r  i n  the  f l i g h t  p r o f i l e .  The requi re -  
ment f o r  a long i n i t i a l  coas t  per iod i s  somewhat disconcert ing 
a t  f i rs t  glance,  bu t  t h i s  may n o t  be an opera t iona l  disadvantage. 
However, i t  i s  c l e a r  t h a t  Mission Operational Control would want 
t o  s t a r t - u p  the  t h r u s t  subsystem e a r l y  in  the  f l i g h t ,  a t  l e a s t  
f o r  a s h o r t  t i m e  i n t e r v a l ,  i n  order  t o  v e r i f y  o r  measure system 
performance. The nominal coas t  per iod could be adjusted t o  
account f o r  measured performance devia t ions .  

APPROACH GUIDANCE 

Terminal guidance e r r o r s  t o  be cor rec ted  during the  
comet approach phase are due t o  t h r e e  e r r o r  sources: 

(1) spacec ra f t  t rack ing  o r  o r b i t  determination e r r o r s  during 
the  in t e rp l ane ta ry  t r a n s i t ,  (2) e r r o r s  i n  executing the mid- 
course v e l o c i t y  impulse ( b a l l i s t i c  f l i g h t  piode) o r  the t h r u s t  
program (low t h r u s t  f l i g h t  mode), and comet ephemeris 
u n c e r t a i n t i e s .  The e f f e c t  of the f i r s t  two e r r o r  sources can 
be reduced t o  r e l a t i v e l y  sm-aI.1 va lues  by r e s o r t i n g  t o  i n t e r -  
m i t t a n t  t racking updates and t r a j e c t o r y  co r rec t ions  during the  
midcourse phase. The l i m i t i n g  accuracylrpon comet approach i s  
expected t o  be due t o  the  t h i r d  e r r o r  source. I n  comparison 
t o  the  p l a n e t s  t h e  comet ephemeris (positi.m;Tn-orbit) . - -  e r r o r s  
a r e  q u i t e  l a rge .  This  i s  due t o  the  r e l a t i v e l y  s h o r t  a r c  nea r  
pe r ihe l ion  when comets a r e  observed from e a r t h ,  and a l s o  the  
non-gravi ta t iona l  acce le ra t ions  t h a t  seem t o  inf luence  comet 

B I T  R E S E A R C H  I N S T I  

67 



motion. Each of the  above e r r o r  sources w i l l  be t r ea t ed  i n  the 
mission study, but  a t  present  the guidance ana lys i s  has concen- 
t r a t e d  on the  ephemeris e r r o r  e f f e c t .  

Ephemeris e r r o r s  can be e f f e c t i v e l y  reduced by t racking 
(earth-based o r  on-board) the comet during the severa l  months 
preceeding f i n a l  rendezvous e Figure 2-14 shows the  reduct ion i n  
m i s s  d i s tance  uncer ta in ty  f o r  P/Encke assuming an earth-based 
te lescopic  observat ion schedule. The i n i t i a l  uncer ta in ty  i n  
t h i s  example i s  141,000 km and i s  due mainly t o  an assumed p e r i -  
hel ion time uncer ta in ty  of 0.05 days. Recovery i s  def ined as  
the e a r l i e s t  time when the  comet i s  observable from ea r th .  On 
the  bas i s  of a s igh t ing  ana lys i s  of the  1980 appar i t ion ,  
recovery i s  expected t o  occur about 150 days before  per ihe l ion  
passage. It i s  seen t h a t  the m i s s  uncer ta in ty  i s  reduced t o  
5500 km a f t e r  50 days of t racking and t o  600 km a f t e r  100 days 
of t racking (at  the  nominal a r r i v a l  d a t e ) .  A l a t e  recovery 
would degrade the o r b i t  determination process during the 
approach t o  the comet, although the  f i n a l  accuracy i s  the same 
a s  f o r  the expected recovery. The r e s u l t s  shown may be 
somewhat op t imis t i c  i n  t h a t  observat ions a t  2-day i n t e r v a l s  a r e  
assumed and s t a t i s t i c a l  da ta  processing ( least-squares  averaging) 
has  been appl ied assuming a random observat ion e r r o r  of 2 arc-  
sec.  I f  the same observation e r r o r  cons is ted  mainly of a 
systematic o r  b i a s  component, then the m i s s  d i s tance  reduct ion 
would no t  be as s i g n i f i c a n t  as shown i n  Figure 2-14. 

Figure 2-l5shows the  approach guidance AV requirements 
assuming the  preceeding earth-based t racking schedule e A two- 
cor rec t ion  guidance pol icy  i s  employed. The f i r s t  cor rec t ion  
attempts t o  n u l l  the i n i t i a l  m i s s  of 141,000 km while the second 
cor rec t ion  at tempts  t o  n u l l  the  r e s i d u a l  m i s s  uncer ta inty 
e x i s t i n g  a t  the  time of the f i r s t  cor rec t ion .  In  the example, 
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the  second cor rec t ion  i s  made 5.5 days before  a r r i v a l  i n  order  
t o  e s t a b l i s h  a f i n a l  guidance error of 1000 km. Note t h a t  a bV 
of 296 m/sec would be required i f  only a s ing le  approach maneuver 
were allowed. Optimization of the two-correction pol icy  reduces 
the RMS AV requirement t o  27 m/sec ( f i r s t  correct ion)  and 
16  m/sec (second co r rec t ion ) .  
would then y i e ld  a 99 percent  p robab i l i t y  of a t t a i n i n g  the f i n a l  
m i s s  of 1000 km. 

A t o t a l  AV budget of 83 m/sec 

It i s  des i rab le  t h a t  the f i n a l  e r r o r  a t  the  rendezvous 
time be much smaller  -- say about 100 km. 
t racker  (e .g . ,  a vidicon system observing the comet aga ins t  the 
s te l lar  background) would be required t o  achieve t h i s  l e v e l  of 
accuracy. Fur themore ,  s ince  the on-board t racking uncer ta in ty  
p r o f i l e  should be s i g n i f i c a n t l y  b e t t e r  than the earth-based 
p r o f i l e  over the e n t i r e  approach phase, the  t o t a l  AV requirement 
can be g r e a t l y  reduced. Subsequent ana lys i s  of the on-board 
t racking concept w i l l  attempt t o  v e r i f y  t h i s  expected r e s u l t .  

An on-board comet 

STATIONKEEPING MANEUVERS 

The goals  of the  s ta t ionkeeping maneuvers a r e  t o  allow 
i n - s i t u  measurements of the  s p a t i a l  and temparal development of 
the comet coma and t a i l .  The remote sensing instruments w i l l  
provide some information on condi t ions a t  o ther  loca t ions .  
Consider the  mission to  P/Encke f o r  purposes of an example. 
Stationkeeping would begin with an inves t iga t ion  of the nucleus 
from a d is tance  l e s s  than 1000 km and over a time i n t e r v a l  of 
about 10 days. Then, a t  40 days before  per ihe l ion  (dbp) , the 
spacecraf t  should begin a s p a t i a l  inves t iga t ion  of the  coma 
which will take it  20,000 km away from the nucleus i n  the 
sunward d i r ec t ion ,  a r r iv ing  30 dbp. The next  s t a t i o n  a t  10 dbp 
i s  on the  anti-sunward ax i s  f o r  observat ions of the t a i l  ions.  
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While re turn ing  t o  a pos i t i on  near  the  nucleus ( a t  -20dbp) the  
spacecraf t  w i l l  be ab le  to  measure dus t  p a r t i c l e s .  Because the 
a c t i v i t y  of P/Encke i s  expected Eo be g r e a t e r  before  per ihe l ion  
than a f t e r ,  the  major i ty  of the translation/stationkeeping 
maneuvers occurs before  per ihe l ion .  

F f g i t x  2-16 i l l u s t r a t e s  t he  maneuver p r o f i l e  described 
above and g ives  a breakdown of the AV requirements. These 
r e s u l t s  assume impulsive maneuvers and f r e e - f a l l  t r a n s l a t i o n  
paths .  However, t he  AV requirements would be f a i r l y  represen- 
t a t i v e  i f  low t h r u s t  maneuvers were employed. It i s  noted t h a t  
the  t o t a l  BV requirement of 167 m/sec i s  due l a r g e l y  t o  the  
extensive t r a n s l a t i o n  maneuvers r a t h e r  than t o  s ta t ionkeeping 
a t  a f ixed  pos i t i on .  Since the genera l  s p a t i a l  p r o f i l e  i s  
considered d e s i r a b l e ,  any necessary reduct ion i n  the AV budget 
i s  perhaps b e s t  achieved by reducing the o v e r a l l  dimensions of 
the t r a n s l a t i o n  pa th ,  A reduction of the sunl ine  s t a t i o n  po in t s  
t o  10,000 km dis tance  would e f f e c t  a bV reduct ion by approxi- 
mately one-half ,  i . e . ,  t o  84 m/sec. F i n a l l y ,  Figure 2-17 
i l l u s t r a t e s  an extremely low AV ( e s s e n t i a l l y  zero) s t a t i o n -  
keeping maneuver. This represents  a c l o s e  cirumnavigation of  
the  comet over a 100 day i n t e r v a l  centered about per ihe l ion .  
The dot ted  l i n e  i n d i c a t e s  the  con t ro l - f r ee  pa th  due t o  t h e  
d i f f e r e n t i a l  s o l a r  g r a v i t a t i o n a l  acce le ra t ion  ac t ing  on the 
spacec ra f t  by v i r t u e  of i t s  displacement from the comet nucleus.  
The av requirement i s  e s s e n t i a l l y  propor t iona l  t o  the  s i z e  of 
the circumnavigation path.  Thus, beginning a t  a d i s t ance  of 
10,000 km, the bV c o s t  would be about 10 m/sec ( ac tua l ly ,  only 
5 m/sec s i n c e  the f i n a l  "br ing-to-rest"  maneuver could be 
omitted because the mission i s  completed a t  t h i s  time). While 
the low c o s t  circumnavigation s ta t ionkeeping may be of i n t e r e s t  
i t  i s  much less d e s i r a b l e  from a sc ience  s tandpoint  than the  
p r o f i l e  previously descr ibed.  
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2.3 TRAJECTORY STUDIES 

Report No. T-23 
"MODIFICATION OF AN OPTIMUM MULTIPLE IMPULSE COMPUTER 

PROGRAM FOR HYBRIII TRAJECTORY OPTIMIZATION" 
J. I. Waters 
May 1970 

Hybrid low-thrustlgravity-assist t r a j e c t o r i e s  have 
been proposed as a means of f u r t h e r  reducing f l i g h t  t i m e s  and 
increas ing  payloads over those obtained when e i t h e r  propulsion 
mode i s  used separa te ly .  The ob jec t ive  of t h i s  study was t o  
f i n d  an expedient way t o  develop a hybrid t r a j e c t o r y  optimiza- 
t i o n  c a p a b i l i t y .  

The chosen t r a j e c t o r y  optimization method f i n d s  
optimum impulsive t r a j e c t o r i e s  cons i s t ing  of an a r b i t r a r y  number 
of v e l o c i t y  impulse po in t s  connected by conic free f a l l  a r c s .  
Optimization i s  accomplished by a standard conjugate g rad ien t  
search r o u t i n e  which operates  on Che impulse t i m e s  and pos i t i on  
components i n  order  t o  minimize the following performing index: 

K 

L d 

tk k=l 

where K i s  the number o f  impulse po in t s .  t: can be set  a t  
d i f f e r e n t  values  (0 =c - < 1) t o  provide t r adeof f s  between mini- 
mum t i m e  of f l i g h t  and minimum mass expenditure.  
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Const ra in t  opt ions can be appl ied a t  any impulse 
po in t .  These include departure  from and capture  i n t o  p l ane ta ry  
o r b i t  and rendezvous o r  f lyby a t  a p l ane t  o r  a r b i t r a r y  body. 
Gravi ty-assis ted tu rns  a r e  approximated by forc ing  a f lyby 
c o n s t r a i n t  a t  the p l a n e t  and using an extremely i n e f f i c i e n t  
propulsion system t o  provide t h a t  p a r t  o f  the  f lyby impulse 
which i s  n o t  ava i l ab le  from the  swingby. The opt imizat ion 
process w i l l  then move the  p lane tary  encounter time u n t i l  only 
a n e g l i g i b l e  impulse i s  required from the  hypothe t ica l  propul- 
s ion  system. 

Low-thrust segments of t he  hybrid t r a j e c t o r i e s  a r e  
approximated by c l o s e l y  and evenly spaced impulse po in t s  e Constant- 
t h r u s t  and solar-powered cases  a re  approximated by computing an 
ava i l ab le  impulse area f o r  each p o i n t  a s  a funct ion of propul- 
s ion  parameters, c u r r e n t  mass, so la r  rad ius  and t i m e  between 
impulses. This impulse a rea  i s  used as a l i m i t  t o  cons t r a in  
the  corresponding impulse value i n  a fashion s imi l a r  t o  t h a t  
which w a s  ou t l ined  above f o r  the g r a v i t y  swingby c o n s t r a i n t  

It  i s  expected t h a t  a hybrid t r a j e c t o r y  opt imizat ion 
c a p a b i l i t y  can be developed i n  a r e l a t i v e l y  s h o r t  t i m e .  An 
e x i s t i n g  Astro Sciences impulsive t r a j e c t o r y  opt imizat ion program 
can be modified i n  accordance w i t h  the  following schedule: 

STEP COMMENT§ 

1. ' Add N-impulse c a p a b i l i t y .  Requires redimensioning of 
s torage  a r rays .  

2 .  Convert t o  minimum mass Present  ve r s ion  is'minimwn 
l o s s  formulation. t o t a l  lev!. Includes mass 

3 .  Expand c o n s t r a i n t  opt ions Cons t ra in ts  allowed only a t  end 

computation. 

t o  any po in t .  po in t s  i n  present  vers ion .  
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STEP COMMENTS 

4 .  Add gravi ty- turn  l imi t ing  To be ava i l ab le  a t  any poin t  
c o n s t r a i n t .  and apply a t  any p l ane t .  

5 .  Add uniform t i m e  incre-  Arbi t ra ry  groups of successive 

6 .  Add constant  t h r u s t  and 

men t c a p a b i l i t y  . 
s o l a r  powered l imi t ing  
c o n s t r a i n t s  on impulses. 

impulse times would be e f f ec t ed ,  

Based upon our p a s t  experience,  the r e s u l t i n g  program 
can be expected t o  e x h i b i t  fas ter  and much more r e l i a b l e  conver- 
gence c h a r a c t e r i s t i c s  than programs using numerical i n t eg ra t fon  
m d  a Newton-Raphson search on the i n i t i a l  m u l t i p l i e r  va lues ,  

I I T  R E S E A R C H  , . I N S T I T U T E  

77 



I I T  R E S E A R C H  I N S T I T U T E  

78 



Report No. T-25 
f ’ ~ ~ ~ ~ ~ ~ ~ ~ ~  AND PROPULSION CHARACTERISTICS OF 

COMET RENDEZVOUS OPPORT~~JEJPTIES~~ 
A .  I,. Friedlander ,  J. C. Niehoff, and J. I. Waters 
August 1970 

This r e p o r t  p resents  a new look a t  space f l igh t  mission 
oppor tuni t ies  t o  the  comets i n  the  t i m e  per iod 1975-2000. Pre- 
vious s t u d i e s  of cornet missions have Seen r e s t r i c t e d  mainly t o  

’ the f lyby  t r a j e c t o r y  mode, Although o f fe r ing  shor t  f l i g h t  t i m e s  
and low launch v e l o c i t y  requirements, comet f lybys s u f f e r  from 
the s tandpoint  of s c i e n t i f i c  information r e t u r n  because of the  
very high flyby v e l o c i t i e s .  Current i n t e r e s t  i s  now centered 
on the rendezvous o r b i t  matching) mission which allows the  
spacec ra f t  many months t o  monitor the  v a r i a t i o n s  i n  phys ica l  
a c t i v i t y  as the  comet approaches and passes  through per ihe l ion .  

This r e p o r t  expands upon ear l ier  work i n  t h i s  a r ea  
(Friedlander,  Miehoff and Waters, 1969) i n  terns of the  scope 
of mission oppor tuni t ies  ava i l ab le  and the comparison of c 
da t e  flight modes f a r  performing these  missions. Spec i f i ea l ly ,  
the objec t ive  i s  t o  i d e n t i f y  promising rendezvous mission oppor- 
t u n i t i e s  and f l i g h t  modes i n  the t i m e  per iod 1975-2000 from the 
s tandpoint of t r a j e c t o r y  requirements and launch vehicle/payload 
c a p a b i l i t i e s .  Two b a l l i s t i c  and two low-thrust  f l i g h t  modes a r e  
Considered. B a l l i s t i c  f l i g h t  modes include: (1) d i r e c t  t r a n s f e r  
u t i l i z i n g  th ree  o r  more v e l o c i t y  impulses, and (2) g r a v i t y - a s s i s t  
t r a n s f e r s  v i a  t he  p l a n e t  J u p i t e r  thus e l imina t ing  the midcourse 
propuls ive impulse, The low-thrust  propulsion modes include 
appl ica t ion  of :  (1) n u c l e a r - e l e c t r i c  powerplants and (2) so la r -  

e l e c t r i c  powerplants. 
t i v e l y  minimfze payload (ne t spacec ra f t  mass del ivered)  f o r  

A l l  t r a j e c t o r i e s  are optimized to e f f ec -  
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f l i g h t  t i m e  and launch veh ic l e  selections. ,  Emphasis i s  placed 
on programmed Ti tan-c lass  launch v e h i c l e  and f l i g h t  times 
cons i s t en t  wi th  de l ive r ing  a payload of about 1000 pounds, An 
add i t iona l  c o n s t r a i n t  genera l ly  appl ied  i s  t h a t  the rendezvous 
p o i n t  occur i n  the region 0-200 days before  comet per ihe l ion .  

Comet mission oppor tuni t ies  have been se l ec t ed  i n i t i a l -  
l y  on the b a s i s  of s p e c i a l  s c i e n t i f i c  i n t e r e s t  and Earth-based 
s igh t ing  c r i t e r i a .  The s igh t ing  c r i t e r i a  r e f e r  t o  the recovery 
of the comet by te lescopic  observation from Ear th  p r i o r  to  the 
time of rendezvous and s u f f i c i e n t  br ightness  afterwards f o r  
obtaining spectroscopic  measurements. 
provides an accura te  update of the  comet's pos i t i on  i n  o r b i t ,  
thereby easing the spacec ra f t  guidance problem. Spectroscopic 
measurements made from Earth a r e  considered f o r  purposes of 
c o r r e l a t i n g  spacec ra f t  measurements. Although they a r e  thought 
t o  be important,  the  s igh t ing  c r i t e r i a  a r e  n o t  necessa r i ly  hard 
c o n s t r a i n t s  d i c t a t i n g  mission success value.  Fortunately many 
mission oppor tuni t ies  do s a t i s f y  the s igh t ing  c r i t e r i a .  Table 
2-15 l i s t s  those comet appa r i t i ons  which s a t i s f y  the s igh t ing  
c r i t e r i a .  Also, those f l i g h t  modes f o r  which successfu l  missions 
were found a r e  noted i n  the l a s t  fou r  columns. Note t h a t  the 
nuclear  propulsion por t ion  of the s tudy has been devoted almost 
completely t o  a study of the Halley/86 mission. 

An e a r l y  recovery 

An a t t r a c t i v e  e a r l y  mission opportuni ty  t o  Comet 
Encke, a w e l l  known s h o r t  per iod  comet, i n  1980, has  been found. 
Fi-gure 2-18 shows a performance comparison of the 3-impulse 
b a l l i s  t i c  and so la r - e l ec  t r ic  f l i g h t  modes and the nuclear-  
e l e c t r i c  f l i g h t  mode (1990 appa r i t j on ) .  I t  i s  noted t h a t  the 

i s t i c s  f o r  e i t h e r  f l i g h t  mode because the o r b i t a l  per iod  of 
and 1990 appa r i t i ons  have comparable t r a j e c t o r y  charac te r -  
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Comet Encke is  about 3.3 years.  B a l l i s t i c  payload c a p a b i l i t y  
i s  820-1000 pounds f o r  t h e  T i t an  3D/Centaur o r  T i t an  3F/Centaur 
launch v i h i c l e s  A nuc lea r -e l ec t r i c  spacecraf t  launched by t h e  
same T i t an  c l a s s  veh ic l e  o f f e r s  t he  advantages of a two year  
.reduction i n  f l i g h t  t i m e  and a l a r g e r  payload. 
spacecraf t  i s  a l s o  a t t r a c t i v e ,  r equ i r ing  a T i t an  3C launch 
veh ic l e  and 2.5 years of f l i g h t  t i m e  t o  de l ive r  1000 pounds. 
The Encke/80 mission would provide an e a r l y  opportuni ty  t o  
develop comet rendezvous technology p r i o r  t o  the  a r r i v a l  of 
Hal ley 's  Comet i n  1985, 

The d'Arrest/82 mission i s  charac te r ized  by the  
r e l a t i v e l y  long f l i g h t  t i m e s  requi red  by t h e  b a l l i s t i c  f l i g h t  
modes. The s o l a r - e l e c t r i c  mode i s  much more effective? r equ i r ing  
only a 1 . 9  year  f l i g h t  t i m e .  Also included i n  Figure 2-18 a r e  
performance comparisons of b a l l i s t i c  and s o l a r - e l e c t r i c  missions 
t o  Kopff/83, t h e  d e t a i l s  of which a r e  q u i t e  s imi l a r  t o  those 
of t he  d 'Arrest/82 missions. The d e s i r a b i l i t y  of missions t o  
these  two comets would seem t o  depend upon the  interest  of t he  
s c i e n t i f i c  community i n  u t i l i z i n g  these  oppor tuni t ies .  

point  of scientific and publ ic  interest  i s  t h a t  t o  Hal ley 's  
Comet which i s  due t o  r e t u r n  i n  1985-86. A rendezvous wi th  
Halley i s  e spec ia l ly  d i f f i c u l t  because of t he  unique re t rograde  
f ea tu re  of i t s  o r b i t a l  motion. Figure 2-18 compares the  performance 
c h a r a c t e r i s t i c s  of t he  b a l l i s t i c  and low-thrust f l i g h t  modes 
i n  achieving a Halley rendezvous. 
g rav i ty -a s s i s t  v i a  a J u p i t e r  swingby, In  order  t o  de l ive r  a 
payload of about 1000 pounds b a l l i s t i c a l l y ,  a Saturn VICentaur 
launch veh ic l e  i s  required and t h e  f l i g h t  t i m e  i s  almost 8 years.  
The nuc lea r - e l ec t r i c  spacecraf t  launched by t h e  smaller  T i t an  
3F/Centaur can de l ive r  a payload i n  excess of 1000 pounds, 

A s o l a r - e l e c t r i c  

The most outstanding comet mission from t h e  stand- 

The b a l l i s t i c  mode uses 
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and requi res  a f l i g h t  t i m e  of only 2.6 years .  
might be the s o l a r - e l e c t r i c  Halley mission, which does n o t  
r equ i r e  a nuc lea r - e l ec t r i c  system o r  a Saturn V launch vehic le  
but: can d e l i v e r  only 415 pounds wi th  a 7 . 5  year f l i g h t  time. 

E f fec t ive  accomplishment of the mission t o  Hal ley ' s  

An a l t e r n a t i v e  

Comet would seem t o  depend upon the development and a v a i l a b i l i t y  
o f  nuc lea r - e l ec t r i c  propulsion by 1983. A t  t h i s  wr i t i ng ,  there  
i s  s t i l l  the  p o s s i b i l i t y  t h a t  n u c l e a r - e l e c t r i c  propulsion would 
'be ava i lab le  i n  t i m e  f o r  t he  Halley mission o r  t ha t  a commit- 
ment t o  a l a r g e  b a l l i s t i c  launch veh ic l e  could be made i f  given 
an e a r l y  p r i o r i t y .  Two o the r  a l t e r n a t i v e s  f o r  Halley rendezvous 
y e t  t o  be s tud ied  a re :  (1) a s o l a r - e l e c t r i c  powered spacecraf t  
employing a l a rge  s o l a r  c o l l e c t o r  Yn order  t o  maintain high 
power l e v e l s  throughout the f l i g h t ,  and (2)  a combined J u p i t e r -  
a s s i s t e d  s o l a r - e l e c t r i c  mission. If it should t u r n  out t h a t  
Halley rendezvous i s  completely imprac t ica l ,  an a l t e r n a t i v e  
mission mode might be mul t ip le  i n t e r c e p t  probes a r r i v i n g  a t  
d i f f e r e n t  po in t s  of the  per ihe l ion  passage. 

Cer ta in  t e n t a t i v e  gene ra l i za t ions  concerning comet 
rendezvous missions are demonstrated i n  Figure 2-18 and were 
found to  apply over the e n t i r e  group of missions considered. 
Remembering t h a t  C o m e t  Halley is a unique caseq  w e  may 
conclude that: 

(1) B a l l i s t i c  comet rendezvous missions w i l l  typ i -  
c a l l y  r equ i r e  upwards of four years  of f l i g h t  time and advanced 
Titan/Centaur launch vehicles, 

(2) There a r e  no a t t r a c t i v e  missions f o r  which the 
J u p i t e r  g r a v i t y  - as s i s  t technique can s ign i f  i c  an t l y  improve 
upon the impulsive b a l l i s t i c  f l i g h t  mode. Gravi ty-ass i s ted  
rendezvous t r a j e c t o r i e s  do, however provide b e t t e r  payload 
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performance a t  much e a r l i e r  a r r i v a l  da tes  (300-500 days before  
per ihe l ion)  which may prove to  be a mission advantage a f t e r  
fu r the r  study of a r r i v a l  date  e f f e c t s  on mission success.  

(3)  Sola r - e l ec t r i c  propulsion can reduce f l i g h t  times 
from the four  years  t y p i c a l l y  required by b a l l i s t i c  f l i g h t s  t o  
about two years  e 

( 4 )  While marginally e f f e c t i v e  missions t o  Halley/86 
a r e  poss ib le  with s o l a r - e l e c t r i c  propulsion o r  J u p i t e r  grav i ty-  
ass is t ,  the  a v a i l a b l i l i t y  of nuc lea r - e l ec t r i c  propulsion would 
r e s u l t  i n  a s i g n i f i c a n t  improvement i n  t r i p  time over these 
f l i g h t  modes. 

Comet rendezvous missions i n  the t i m e  period 1975-2000 
a re  both a t t r a c t i v e  and f e a s i b l e  from a t ra jectorylpayload 
s tandpoint .  
the  a r t  b a l l i s t i c  f l i g h t  systems have been iden t i f i ed .  
superior  performance p o t e n t i a l  of fu tu re  nuc lea r - e l ec t r i c  
spacecraf t  has been demonstrated f o r  the Halley mission oppor- 
tun i ty .  
using s o l a r - e l e c t r i c  propulsion f o r  comet rendezvous missions 
with the  possible  except ian of Halley/86. 
present  study i s  necessary t o  complete the p i c tu re  of comet 
rendezvous as a c l a s s  of  missions.  Subject a reas  of p a r t i c u l a r  
importance t o  complete mission d e f i n i t i o n  include science objec- 
t i v e s ,  experiment design, t r a n s f e r  and approach guidance, and 
s ta t ionkeeping maneuvers a 

Several  mission p r o f i l e s  u t i l i z i n g  near s t a t e -o f -  
The 

Signi f icant  performance improvement can be obtained by 

An extension of the 
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2.4 SPACECRAFT TECHNOLOGY 

Technical Memorandum No. S-7 
"RADAR EXPLORATION OF VENUS" 
By D. E. Roberts and He J. Goldman 
June 1970. 

This memorandum i s  the  r e s u l t  of a sho r t  study of 
spacecraf t  radar  systems s u i t a b l e  f o r  the  Planetary Explorer 
c l a s s  of Venus Mapping Orbi ters .  It at tempts  t o  place i n  per-  
spect ive the d i f f e r e n t  modes of radar  operation, t o  compare 
t h e i r  respec t ive  cont r ibu t ions  and i d e n t i f y  t h e i r  major system 
requirements. The d e t a i l s  of the  radar  system f i n a l l y  recom- 
mended w e r e  included i n  the  submissiops of the Goddard Space 
F l i g h t  Center t o  the Space Science Board of The National Academy 
of Sciences i n  June 1970. 

Earth-based radar  measurements of Venus provide an 

Besides determining the r o t a t i o n  r a t e  and 
ind ica t ion  of the condi t ions a spacecraf t  radar  system must be 
designed t o  m e e t .  
diameter of Venus earth-based radar  has provided some informa- 
t ion  on the  surface.  The sur face  i s  f a i r l y  smooth w i t h  a few 
pronounced surface f ea tu res  o r  rough p'atches. 
i s  about 7"  o r  8" compared with 10" f o r  the  moon. 
d i f fe rences  i n  the  r e f l e c t i v i t y  of Venus as a funct ion of wave- 
length,  going from 20% a t  6m down t o  about 1% a t  3.6 cm. A t  
long wavelengths the  high radar  c ros s  sec t ion  and the d i e l e c t r i c  
constant  (e=3.5-5) implies t h a t  the  sur face  i s  covered with s o l i d  
rocks , possibly s i l i c a t e s  9% r a t h e r  than a r e g o l i t h  o r  l a r g e  
expanses of l i q u i d s  e 

The average s lope 
There a r e  c l e a r  

The major problems wi th  earth-based radar  measurements 
i s  the  l imi ted  s p a t i a l  r e so lu t ion  obtainable .  Current systems 
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provide about a 100 km resolut ion l imi ted  to  regions within 
c + 30" of the  Venusian equator on the ear th-facing hemisphere. 
Projected improvements w i l l  allow reso lu t ions  between 1 and 
5 km within - + 10" of the sub-earth po in t  a t  conjunction. 
orb i t ing  spacecraf t  radar  systems have the p o t e n t i a l  of provid- 
ing t h i s  reso lu t ion  over the e n t i r e  p lane t .  

Only 

It i s  no t  known a t  present  whether the r e f l e c t i o n  
proper t ies  of Venus' surface w i l l  be predominantly specular 
o r  d i f fuse  a t  the wavelengths considered f o r  spacecraf t  radar  
(13 cm), Specular r e f l e c t i o n  can be l ikened t o  the r e f l e c -  
t ion  from a d i r t y  mirror  whereas d i f f u s e  r e f l e c t i o n  i s  l i k e  
t h a t  from a sheet of white paper. 
the consequences of each of these cases f o r  spacecraf t  radar .  
The p r inc ip l e  e f f e c t s  a r e  summarized below: 

It i s  necessary t o  consider 

BASIC PROPERTIES O F  RADAR REFLECTION 

SPECULAR 

ONLY AT SPECIFIC ANGLES OF 
INCIDENCE AND REFLECTION. 

SIGNAL STRENGTH INDEPENDENT 
OF FIELD OF VIEW(ANTENNA BEAM WIDTH). 

RESOLUTION DEFINED BY REFLECTING 
SUR FACE. 

CHARACTER I STlC POLARIZATION 

01 FFUS E 
~ ___ ~~ 

ANY LOOK ANGLE INCLUDING SIDE LOOKING. 

SIGNAL STRENGTH DEPENDS ON AREA VIEWED. 

RESOLUTION DEFINED BY SIGNAL PROCESSING 
[DOPPLER OR TIME). 

RANDOM POLARIZATION. 
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The most important d i f fe rences  between specular  and d i f f u s e  
r e f l e c t i o n  show up i n  the bas ic  radar  equation. These a r e  
summarized i n  Figures  2-19  
radar  can be used only with d i f f u s e  r e f l e c t i o n ) .  

and 2-20. . (NQte t h a t  s ide  looking 

B i s t a t i c  radar  apera tes  b e s t  when the  s igna l  i s  t rans-  
mit ted from Earth and received on the spacecraf t .  I f  the p l ane t  
i s  d i f fuse ly  r e f l e c t i n g  a t  13 cm the b i s t a t i c  system w i l l  g ive 
no information on a sca l e  of 200 krn. I f  the  p lape t  i s  specular ly  
r e f l e c t i n g ,  however, a b i s t a t i c  system employing a 50 l b .  
receiving system on board a spacecraf t  may obtain a 200 km reso-  
Pution, although coverage i s  l imi ted  t o  about 70% of the p lane t .  
The complex geometry of the  specular  po in t  with respec t  t o  the  
spacecraf t  makes the  da ta  i n t e r p r e t a t i o n  extremely d i f f i c u l t .  

Monostatic radar  on the spacecraf t  o f f e r s  the  most i n  
terms o f  reso lu t ion ,  coverage and range o f  useable a l t i t u d e s .  
Table 2-16 gives  some de ta i l ed  c h a r a c t e r i s t i c s  of the  v e r t i c a l  
incidence radar  system se lec ted  f o r  inclusion as  p a r t  of the  
Planetary Explorer Mapping Orbi te r  payload. It i s  designed t o  
provide use fu l  da ta  regard less  of the  r e f l e c t i n g  proper t ies  of 
Venus' surface.  I f  the r e f l e c t i o n  i s  predominately specular  
the system can be used throughout the  e n t i r e  400 x 50,000 km 
o r b i t .  If d i f fuse ,  measurements can be made over 90 degrees of 
the o r b i t  with r e s t r i c t e d  coverage a 
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OMNI ANTENNA, Gr = Ddb 
DOPPLER FILTERS TO LOCATE SPECUL 

MONOSTAT IC 
( h e  R,) 

ASSUMPTIONS : 
FLAT MiRROR REFLECTING SURFACE, 
APPARENT SOURCE 2h FROM RECEIVER, 
RESOLUTION - Q h 
Gr = Gt 

FIGURE 2-19. BASIC RADAR EQUATIONS; SPECULAR R 
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DOPPLER FILTERS TO LOCAT EAS 200 #M2 
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__dc 
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Report No. S-8 

"THE PLANETARY EXPLORATION POTENTIALS OF 
SPACECRAFT RADAR" 

by H. Goldman and R.  Brandenburg 

October 1970. 

This r e p o r t  discusses  the  c h a r a c t e r i s t i c s ,  cu r ren t  
s t a t u s ,  and p o t e n t i a l s  of earth-based and spacecraf t  radar  f o r  
p lane tary  explorat ion.  Radar sensors  i n  general  have severa l  
d i s t i n c t  advantages over m o s t  o ther  instruments designed f o r  the 
study of p lane tary  sur faces ,  p a r t i c u l a r l y  v i s u a l  imagers. Radar 
funct ions independently of n a t u r a l l y  occurr ing electromagnetic 
f l u x  a t  wavelengths only s l i g h t l y  a f f ec t ed  by dense atmospheres 
o r  cloud cover.  This  allows the  radar  sensor to  topographical ly  
map the cloud covered o r  n igh t  s ide  s w f a c e  of a p l ane t ,  while 
a v i s u a l  imager i s  r e s t r i c t e d  t o  the  c l e a r ,  day s ide .  

Earth-based radar  systems a r e  able  to  provide la rge-  
s ca l e  information on the c h a r a c t e r i s t i c s  of the nearby terres- 
t r i a l  p l ane t s ;  Mercury, Venus and Mars. Future improvements 
on these systems w i l l  allow the  r e so lu t ion  of surface fea tures  
down to severa l  t ens  of ki lometers  i n  s i z e .  However, because 
earth-based systems a r e  approaching p r a c t i c a l  l i m i t s  i n  s i z e ,  
power, and no i se  reduct ion,  c a p a b i l i t i e s  providing reso lu t ions  
as f i n e  as hundreds of meters a r e  n o t  foreseeable .  

J u p i t e r  and the outer  p l ane t s  have not  ye t  been r e l i a -  
b ly  detected,  bu t  prel iminary observat ions ind ica t e  t h a t  because 
of extremely low r e f l e c t i v i t i e s  earth-based radar  systems may 
not  be ab le  t o  provide much information on these p l ane t s ,  
the pro jec ted  improvements of earth-based radar  s i t e s  these 

With 
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plane ts  w i l l  only be observable a t  opposi t ion,  and even then 
w i l l  no t  be able  to  be s tudied very thoroughly. The poor reso-  
l u t i o n  of the t e r r e s t r i a l  p lane ts  and the  possible  non-detect- 
a b i l i t y  of the  outer  p l ane t s  by earth-based systems poin ts  t o  
the  need f o r  spacecraf t  radar  systems. 

Spacecraf t  radar  systems may e i t h e r  operate  alone o r  i n  
conjunction with an earth-based radar  s i te .  I f  an earth-based 
terminal  and a spacecraf t  terminal a r e  t o  be used (possibly t o  
minimize the  spacecraf t  radar  system's weight and power requi re -  
ments) the optimum operat ion i s  t o  use the  earth-based s i t e  as  
a t ransmi t te r  and the  spacecraf t  as  a rece iver .  This mode has 
the  add i t iona l  advantage of allowing the earth-based rece iver  t o  
simultaneously study the  p l a n e t ' s  gross  c h a r a c t e r i s t i c s  i n  the 
same manner as cur ren t  earth-based systems. I f  there  i s  a choice 
between a b i s t a t i c  and a monostatic operat ion,  using one space- 
c r a f t  system as both t ransmi t te r  and r ece ive r ,  ca l cu la t ions  show 
the  monostatic system t o  be the  more favorable  a t  the  t e r r e s t r i a l  
p l ane t s .  For  J u p i t e r  radar  s tud ie s  there  i s  a t rade-off  between 
two f a c t o r s ;  antenna s i z e  and spacecraf t  a l t i t u d e .  For  a f ixed 
spacecraf t  a l t i t u d e  the re  e x i s t s  a c r i t i c a l  antenna s i z e .  I f  
the  spacecraf t  radar  antenna i s  smaller than t h i s  c r i t i c a l  s i z e  
the b i s t a t i c  mode, using an earth-based t r ansmi t t e r ,  g ives  a 
higher  f i n a l  s igna l  t o  noise  r a t i o  than the monostatic mode. 
I f  the spacec ra f t ' s  antenna i s  l a r g e r  than t h i s  c r i t i c a l  s i z e  
the  monostatic system i s  superior .  For  a spacecraf t  a l t i t u d e  of - 2 . 8  J u p i t e r  r a d i i  the c r i t i c a l  antenna s i z e  i s  - 10 f e e t .  A s  
the  a l t i t u d e  increases  the  c r i t i c a l  s i z e  increases  approaching 
100 f e e t  i n  diameter a t  a l t i t u d e s  near t h i r t y  J u p i t e r  r a d i i .  

Of the severa l  types of monostatic radar  ava i l ab le ,  the  
non-coherent sidelooking type i s  probably the  most  advanced 
system compatible with cur ren t  spacecraf t  design,  Power weight 
and da ta  requirements do not  pose any s i g n i f i c a n t  problems i n  
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the use of this type of radar for mapping the terrestrial 
planets, Radar systems weighing about 50 kg (including data 
recorder), with antennas approximately 1 x 15 meters in size, 
and requiring about 25 watts of input power are able to provide 
surface resolutions of about 1 x 20 meters. Processed data rates 
for these for these systems run at several thousand bits per 
second, while unprocessed rates are about 10 5 bps, 

For Jupiter, however, spacecraft-borne radar mapping 
systems do not appear to be feasible unless significant advance- 
ments are made over the current state-of-art. Even f o r  resolutions 
as poor as 100 km, the radar antenna for a non-coherent mapping 
system must be about two thousand wavelengths long (based on 
altitudes consistent with current studies of Jupiter flyby and 
orbiter missions). Such an antenna exceeds the foreseeable 
state-of-art by at least a factor of two, in terms of dimensional 
tolerances. Furthermore, at an operating wavelength of ten cna 
(the minimum wavelength providing penetration of the "clear" upper 
atmosphere) the antenna would be 200 meters in length. Estimates 
of weight and power consumption indicate that the requirements 

magnitude more severe than for the terrestrial planets. Use of 
synthetic aperture systems would minimize the antenna difficulties, 
but the number of pulses per resolution element which must be 
processed is likely to create serious, if not insurmountable, 
data storage and transmission problems. 

for a Jupiter radar mapping system are likely to be an order of 

91T R E S E A R C H  I N S T I T U T E  

95 



I I T  R E S E A R C H  I N S T I T U T E  

96 



3. SPECIAL STUDIES AND TECHNICAL NOTES 



3 .  SPECIAL STUDIES AND TECHNICAL NOTES 

3 . 1  Special  Studies 

Launch Vehicle Se lec t ion  f o r  Outer Planets  Mission 
J. C .  Niehoff 

This short-s tudy task was completed during the f i r s t  
qua r t e r  of t he  pas t  cont rac t  yea r . - ; - In i t i a l ly  i t s  purpose 
w a s  t o  provide quan t i t a t ive  j u s t i f i c a t i o n  f o r  the seven-segment 
vers ion of the Ti tan  III /Centaur  launch vehic le ,  However, a 
f a i r  ana lys i s  requi res  comparing the c a p a b i l i t i e s  of a number 
of launch vehicle-upper s tage  combinations. The f i n a l  l i s t  of 
launch veh ic l e  configurat ions se l ec t ed  f o r  considerat ion 
included : 

Ti tan  I I I D  /Centaur/Burner I1 
Ti tan  IIIF/Centaur  
Ti tan  IIIF/Centaur/Burner I1 
T i t  an I I I D  /Centaur / Solar  - E l  ec tr i c  
T i  tan I I I F  /Cent aur / S o l a r  -Elec t r i c  
T i t  an I I IF /C en t aur  I /Kick 
SIC / SIVB /Centaur 
T i  tan I1 IF  /C en t a u r  /Nuclear - E l  ec t r i c  
SIC/  SIVB/Cen t a u r /  Solar-Elec tr i c  
SIC / SIVB/Nuclear-Elec t r i c  . 

A comprehensive ana lys i s  of launch vehic le  requirements 
a l s o  depends on a l i s t  of mission representa t ive  of an outer  
p l ane t s  explorat ion program. For t h i s ,  the  1969 PEPP plan f o r  
outer  p l ane t  missions was extended t o  1990 on the b a s i s  of one 
mission per  year .  
Table 3-1 .  The 1 2  outer  p lane t  missions shown a re  scheduled so 

The r e s u l t i n g  mission plan i s  presented i n  
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t h a t  co l l ec t ed  data i s  i n  hand a t  l e a s t  two years  p r i o r  t o  the  
launch of a succeeding mission t o  the same p lane t ,  i . e . ,  t h i s  i s  
a sequent ia l  mission-type plan.  

A number of cons t r a in t s  and assumptions were made t o  
generate  a cons i s t an t  set of propulsion requirements f o r  the  1 2  
outer  p l ane t  missions.  The base spacecraf t  weight was s e t  a t  
1500 lb s .  This excludes re t ro  propuls ion f o r  p lane tary  o r b i t e r s .  
When atmosphere probes were used they were assumed t o  have a 
t o t a l  weight of  500 lb s .  and were added i n  p a i r s ,  i . e ,  , 1000 lbs .  
Conditions over a 10-day window-were considered i n  determining 
launch energy requirements. For p lane tary  capture  a space- 
s to rab le  propulsion system with an I of  385 sec was assumed. 
The o r b i t  per iod was constrained t o  15 days a t  a l l  p l ane t s ,  
while the per iapse r a d i i w e r e  se l ec t ed  as  follows: 

SP 

J u p i t e r  - 3 p lane t  r a d i i  
Saturn - 3 p lane t  r a d i i  
Uranus - 2 p lane t  r a d i i  
Neptune - 2 p lane t  r a d i i .  

Mission accomplishments, i n  t e r m s  of f l i g h t  time, with 
each launch vehic le  combination l i s t e d  above were compared f o r  
each of the  twelve missions.  The comparisons can be summarized 
by answering the following two quest ions:  

a )  How e f f e c t i v e  would the seven-segment Ti tan  
be i n  reducing f l i g h t  time and adding new missions 
t o  an outer  p l ane t s  program? 

b) What add i t iona l  increase i n  launch veh ic l e  
c a p a b i l i t y  i s  required t o  complete a l l  missions 
given i n  the  extended plan i n  -Table 3-l? 
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The answers t o  these quest ions a re  provided by Table 3-2. 
l e f t  column l i s t s  the p a r t i c u l a r  launch veh ic l e s  se lec ted  f o r  
t h i s  summary. The next  four  columns l i s t ,  respec t ive ly ,  
1 )  the mission (by number) which the vehic le  i s  capable of 
performing, 2) the  t o t a l  number of missions performed, 3) the 
t o t a l  f l i g h t  time involved, and, 4 )  the  average f l i g h t  t i m e  per  
mission. The l a s t  t h ree  columns contain numbers which a r e  t o  be 
used i n  the comparison statement a t  the bottom of the  Table. 

The 

Considering the  f i r s t  quest ion a )  of the  comparison, i t  
can be seen t h a t  the  seven-segment ( I I IF)  Ti tan increases  the 
number of missions performed from 4 t o  7 .  It i s  a l so  capable of 
decreasing the  t o t a l  required f l i g h t  time of the  five-segment 
(3D) Ti tan  mission by 20 percent .  

With regards t o  quest ion b) of the comparison, i t  i s  
obvious t h a t  something more than the  Ti tan  IIIF/Centaur/Burner I1 
i s  needed t o  complete the  program o f  se lec ted  missions.  The l a s t  
t h ree  veh ic l e s  given i n  Table 3-2 a r e  presented as  p o s s i b i l i t i e s .  
A s o l a r - e l e c t r i c  s tage  addi t ion  t o  the Ti tan  I I I F  Centaur performs 
a l l  1 2  missions ( s a t e l l i t e  C a l l i s t o  only f o r  mission No. 9 ) ,  with 
a 16  percent  f l i g h t  time decrease over the  Ti tan IIIF/Centaur/  
Burner I1 missions.  Similar  comparisons a r e  apparent i n  the  
t a b l e  f o r  the  addi t ion of a hydrogen-fluorine Kick s tage ,  o r  
advancing t o  the Intermediate  SIC/SIVB/Centaur launch vehic le .  
Note t h a t  the  Kick s tage  addi t ion cannot perform any of the  
Gal i lean s a t e l l i t e  lander  missions and the  Saturn vehic le  can 
a l s o  only perform the  s a t e l l i t e  lander  mission (No. 9) a t  
C a l l i s t o  e 

A number of conclusions were drawn from these r e s u l t s .  
The seven-segment s o l i d s  improve launch veh ic l e  c a p a b i l i t y  
f o r  o u t e r  p lane ts  explorat ion.  There seems t o  be l i t t l e  
o r  no f l i g h t  time advantage from t h e  Burner I1 s t age  on 
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the  seven-segment Ti tan .  Something more than the Ti tan IIIF 
Centaur w i l l  be needed t o  ca r ry  outer  p lane t  explorat ion i n t o  
the  1980's .  The s o l a r - e l e c t r i c  and high-energy Kick s tages  a re  
roughly equivalent ,  although there  i s  an inc l ina t ion  t o  favor  
s o l a r - e l e c t r i c  propulsion because it can do the  C a l l i s t o  lander  
mission and may be more v e r s a t i l e  for other  appl ica t ions ,  e.g.  
Mercury o r b i t e r s ,  comet rendezvous missions,  high-data  o r b i t e r s ,  
e t c .  Using an Intermediate  Saturn-class  veh ic l e  does no t  seem 
l i k e  a good so lu t ion  t o  sho r t e r  f l i g h t  times ( for  1500 l b s .  
o r b i t e r s )  s ince  the o r b i t  r e t r o  s tages  become enormous, from 5 
t o  10 times the  weight of the o r b i t i n g  spacecraf t .  A b e t t e r  
answer t o  sho r t e r  f l i g h t  times, p a r t i c u l a r l y  f o r  Uranus and 
Neptune o r b i t e r s  would be the in t roduct ion  of the  nuclear-elec-  
t r i c  low-thrust  s tage.  It a l s o  would be des i rab le  f o r  the  
Gal i lean s a t e l l i t e  lander  mission. 

Only launch vehic le  comparisons have been made here .  
The e f f e c t s  of d i f f e r e n t  re t ro  s t ages ,  d i f f e r e n t  o r b i t s  and 
d i f f e r e n t  spacecraf t  weights a lso need t o  be considered. 
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John C.  Niehoff 

This memo responds t o  a direct ive '  from Robert S, 

concerning upper s t age  propuls ion requirements. 
considered are the  launch veh ic l e  ( in te rp lane tary  in j ec t ion )  and 
r e t r o  s t age  ( o r b i t  capture)  propuls ion requirements f o r  J u p i t e r  
and Saturn o r b i t e r  missions through 1988, The candidate  launch 
systems reviewed t o  m e e t  these requirements a re  r e s t r i c t e d  t o  
der iva t ions  of the Ti tan  IIID/Centaur vehic le .  
of a previous launch vehic le  comparison study2 and an estimated 
c o s t  increase of $GOM/copy were considered s u f f i c i e n t  reasons n o t  
t o  include the Intermediate-20 (Saturn c l a s s )  veh ic l e  a t  t h i s  
time). 

Kraemer 
Spec i f i ca l ly  

(The conclusions 

B a l l i s t i c  i n t e rp l ane ta ry  t r a j e c t o r i e s  t o  J u p i t e r  and 
Saturn were surveyed fo r  high- t h r u s t  s t age  launch vehic le  combi- 
na t ions .  J u p i t e r  oppor tuni t ies  fo r  the per iod 1974-85 with a 
f l i g h t  time of  760 days (- 2 y r . )  and Saturn oppor tuni t ies  f o r  
the per iod 1980-85 with f l i g h t  times of 4 and 5 years  were 
considered. 
48,000 f t l s e c  w a s  s e l ec t ed  fo r  J u p i t e r  t r a n s f e r s  which elimina- 
ted the  1978 and 1985 oppor tuni t ies  and shortened the  1979 launch 
window t o  s l i g h t l y  less than the  nominal 10 days. For Saturn 
t r a n s f e r s  a maximum V, of 52,500 f t / s e c  w a s  assumed, which 
shortened the  launch window o f  the  1980, 5-year ( f l i g h t  time) 
cppor tun i t y e 

For payload performance ana lys i s  a maximum Vc of 

"Future Upper-Stage Propulsion Requirements", Kraemer, R. S. , 
Plane tary  Programs (SL) Memo, NASA Headquarters, Apr i l  4 ,  1970. 

"Outer-Planet Mission J u s t i f i c a t i o n  f o r  the Seven-Segment 
(1207) Ti tan Launch Vehicle'', Niehoff,  J. C.  , Astro Sciences 
Memo, I I T  Research I n s t i t u t e ,  January 7 ,  1970. 
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Low- th rus  t in t e rp l ane ta ry  t r a n s f e r s  were a1 so  considered 
f o r  J u p i t e r  and Saturn o r b i t e r  missions using a solar  e l e c t r i c  
(SEP) s tage  combined with T i t a d c e n t a u r  launch vehic les .  
dimensional t r a j e c t o r y  da ta  by Horsewood and Mann was evaluated 
t o  determine the appropriate  i n t e rp l ane ta ry  t r a n s f e r  and a r r i v a l  
condi t ions.  The s o l a r - e l e c t r i c  t r a j e c t o r i e s  s e l ec t ed  were 
matched i n  hyperbolic approach speed, VHP, t o  the maximum values  
f o r  the  b a l l i s t i c  J u p i t e r  and Saturn t r a n s f e r s  s o  t h a t  subse- : 

quent re t ro  s t age  computations would be equal ly  appl icable  t o  
e i t h e r  t r a n s f e r  mode. 
c a p a b i l i t i e s  are: 

Two 

The chosen t r a j e c t o r i e s  and payload 

J u p i t e r  

Saturn 

The f l i g h t  times shown here  a r e  s l i g h t l y  sho r t e r  than f o r  the 
b a l l i s t i c  cases  (760d, qY,  SY). The payloads a r e  reduced 20% 
from optimum t o  approximate off-optimum power (15 kw) and 
s p e c i f i c  impulse (3500 sec)  . The primary d i f fe rence  between the  
low-thrust  and b a l l i s t i c  t r a n s f e r  modes considered i s  the payload 
ava i l ab le  f o r  the r e t r o  propulsion system. 

Candidate o r b i t s  considered i n  t h i s  ana lys i s  f o r  
t o t a l  J u p i t e r  and Saturn o r b i t e r  missions were cons t r a ined  t o  

per iapses  of  3 p lane t  r a d i i  and o r b i t a l  per iods of 15, 30, 45 
and 60 days a t  J u p i t e r  and 20, 40, 60 and 80 days a t  Saturn, and 
w e r e  chosen t o  cover the  range of poss ib l e  i n t e r e s t ,  Capture 
impulses f o r  i n s e r t i o n  i n t o  inc l ined  o r b i t s  (one impulse) and 
equa to r i a l  o r b i t s  ( th ree  impulse) w e r e  ca lcu la ted  t o  s i z e  the  
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r e t r o  requirements. There i s  l i t t l e  d i f f e rence  i n  t o t a l  impulse 
required between the  45 and 60 day o r b i t s  a t  J u p i t e r  and between 
the 60 and 80 day o r b i t s  a t  Saturn,  so the  60 day J u p i t e r  and 80 
day Saturn o r b i t s  were dropped from f u r t h e r  considerat ion.  The 
l a r g e s t  s i n g l e  capture  impulses f o r  i nc l ined  o r b i t s  a t  J u p i t e r  
occur i n  1980 and a r e  1 .83,  1 .43 and 1 . 2 7  km/sec f o r  the  15,  30 
and 45 day o r b i t s ,  respec t ive ly .  For equa to r i a l  o r b i t s  the  
l a r g e s t  t o t a l  impulses occur f o r  both the 1983 and 1984 oppor- 
t u n i t i e s  and a r e  2.07, 1.67 and 1.52 km/sec f o r  the  15,  20 and 
45 day o r b i t s ,  respec t ive ly .  This da t a  was used t o  s i z e  the  
r e t r o  s t ages  f o r  the  J u p i t e r  o r b i t e r  payload because by' tming 
the most severe mission requirements the  r e t r o  s t ages  a r e  
automatical ly  appl icable  t o  any of the  o the r  oppor tuni t ies  
considered i n  t h i s  memo. S i m i l a r  capture  impulse da t a  was 
analyzed f o r  the  Saturn o r b i t s  (where the 1985 opportunity has  
the  h ighes t  impulse requirements).  

There a r e  several d e s i r a b l e  c h a r a c t e r i s t i c s  Tijhieh 
r e t r o  propulsion systems f o r  ou te r  p l a n e t  o r b i t e r s  should have, 
Mul t i - r e s t a r t  c a p a b i l i t y  i s  e s s e n t i a l  i f  a s ing le  propulsion 
system 1s used t o  perform the  one t o  th ree  o r b i t  i n s e r t i o n  burns 
and seve ra l  i n t e rp l ane ta ry  midcourse maneuvers. 
should have a h igh  s p e c i f i c  impulse t o  minimize the r e t r o  system 
weight (and allow more sc ience-oriented payload t o  be included 
i n  t h e  spacec ra f t ) .  The r e t r o  acce le ra t ion  should a l s o  be kept 
below 0.5 g ' s  i n  order  n o t  t o  s t r u c t u r a l l y  damage t h e  spacec ra f t ,  
I n  t h i s  study a 1500 l b  spacec ra f t  was used. With another 
1500 l b  added f o r  t he  r e t r o  propulsion system, the  r e t r o  engine 
t h r u s t  level should be about 600 l b  (0.2 g '  s) e 

considered were: 

The p rope l l an t  

The r e t r o  systems 

fluoride-diborane (OF~/B~HG) I 400 sec 
SP 

fluroine-hydrazine (F2/N2H4) 1 375 sec 

flox-methane (FLOX/CH4), I 

berylluminized s o l i d ,  Isp 2 315 sec. 

SP 
% 365 sec 

SP 
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In  order  t o  l i m i t  the number of propuls-ion a l t e r n a t i v e s  
f o r  payload ana lys i s  the OF2/B2H6 and F2/N2H4 combinations were 
considered equivalent  with an I of 390 sec. The FLOX/CH4 

SP 
p rope l l an t  combination was dropped from f u r t h e r  considerat ion 
because of i t s  comparatively low I The beryl l iminized s o l i d  
w a s  considered a t  an I of 315 sec. 

SP e 

SP 

PERFORMANCE RE SULT S 

A payload ana lys i s  was performed f o r  1 2  d i f f e r e n t  launch 
v e h i c l e - r e t r o  propulsion combinations t o  determine how many of 
the  o r b i t  opt ions each combination could a t t a i n  with a 1500 l b .  
spacecraf t .  The s i x  launch veh ic l e s  considered were: 

T i  t an  I1 I D  /Centaur /Burner I1 
Ti t an  IIID(7) /Centaur/Burner I1 

3 T i t an  I I I D  lCentaur/HFK(lOK) 
T i t an  I I I D /  (7) lCenta~rlHFK(15K)~ 
T i t an  IIID/Centaur/SEP 
T i t an  I I I D ( 7 )  /Centaur/SEP 

Adding the s o l i d  o r  t h e  space-s torable  (S/S) r e t r o  s t age  g ives  
the  1 2  launch v e h i c l e - r e t r o  propulsion system. 

The r e s u l t s  of t he  payload ana lys i s  a r e  presented a s  a 
ba r  c h a r t  i n  Figure 3-1. The va r ious  mission combinations a r e  
shown on the  l e f t  s i d e  of the f i g u r e  increas ing  i n  energy 
(propulsion) requirement from bottom t o  top. The launch v e h i c l e /  
r e t r o  propuls ion combinations a r e  given a t  the bottom of  t he  
f i g u r e ,  increas ing  from l e f t  t o  r i g h t  i n  energy (propulsion) 
c a p a b i l i t y .  
any s p e c i f i c  propulsion combination i s  ind ica ted  by the  he igh t  

The number of missions which can be performed by 

The number i n  parenthes is  i n d i c a t e  t h e - p r o p e l l a n t  loading i n  
thousands of pounds f o r  the  Hydrogen-Flourine Kick s t age  (HFK) 
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of the bar  above i t .  The only instance where propulsion requi re -  
ments did n o t  match the order ing of Figure 3-1 i s  f o r  vehic le  
combination number 6 ,  the Ti tan  IIID/Centaur/SEP-Solid Retro,  
which cannot perform the 15-day J u p i t e r  equa to r i a l  but  can do 
the  60 and 40-day inc l ined  o r b i t  5-year missions t o  Saturn.  

It i s  a l s o  i n t e r e s t i n g  t o  note  t h a t  the most ener- 
g e t i c  veh ic l e  combination, the  Ti tan  IIID(7)/Centaur/SEP-S/S 
Retro,  can j u s t  a t t a i n  equa to r i a l  o r b i t s  a t  Saturn i f  f l i g h t  
time i s  reduced to  4 years .  This provided f u r t h e r  confirmation 
t o  the conclusion from p a s t  mission s tud ie s  t h a t  4 years  seems 
t o  be a lower f l i g h t  time l i m i t  f o r  Saturn o r b i t e r  missions.  

None of the 1 2  combinations shown i n  Figure 3-1 a re  
being a c t i v e l y  developed today f o r  a s p e c i f i c  f l i g h t  program. 
It  i s  obvious t h a t  one of these o r  some o ther  competing propul- 
s ion combination must be chosen and b u i l t  i f  there  a r e  going t o  
be 1500 l b  o r  heavier  outer  p lane t  o r b i t e r s .  It i s  a l so  
apparent t h a t  NASA i s  n o t  l i k e l y  t o  i nves t  i n  more than one o r  
two propulsion developments concurrent ly .  This  memo provides 
e igh t  d i f f e r e n t  development sequences f o r  the  propulsion combi- 
nat ions  considered. The development sequence providing the  
slowest c a p a b i l i t y  improvement and the  lowest u l t imate  payload 
i s  : 

a)  Ti tan IIID/Centaur/Bumer I1 - Solid Retro 
b) Ti tan IIID(7)/Centaur/Burner I1 - Solid Retro 
c )  Ti tan  IIID(7)/Centaur/HFK(15K) - Solid Retro.  

The f a s t e s t  improvement sequence leading t o  the  b e s t  ul t imate  
payload c a p a b i l i t y  is: 

a )  Ti tan IIID/Centaur/Bumer I1 - S/S Retro 
b )  Ti tan  lTID/Centaur/SEP (15kw) - S/S Retro 
c )  Ti tan  IIID(7)/Centaur/SEP(l5kw) - S / S  Retro.  
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CONCLUSPONS 

The development of a r e t r o  s tage  would appear t o  hinge 
more on system f l e x i b i l i t y ,  r e l i a b i l i t y ,  and c o s t  than on 
performance, provided t h a t  considerat ion i s  l imi ted  t o  OF2/B2H6, 

F2/N2H4, beryl l iminized s o l i d s  o r  o the r  propel lan t  combinations 
of comparable performance (including s t age  hardware weight as 
w e l l  a s  I >. 
meets these  c r i t e r i a ,  although more development work needs t o  
be done wi th  i t  before  t h i s  can be a f i r m  conclusion. 

The F2/N2H4 system described by D .  Dipprey' b e s t  
SP 

A conclusion regarding launch veh ic l e  development i s  
much more d i f f i c u l t ,  i f  n o t  impossible, a t  t h i s  t i m e .  The 
uncer ta in ty  i n  c o s t  of competing systems tends t o  t u rn  the  
problem i n t o  a " p o l i t i c a l  foo tba l l " .  I n  addi t ion  t o  those com- 
b ina t ions  considered here  the Intermediate-20 and the  Shu t t l e  
must be recognized as competing c a p a b i l i t i e s .  
20 introduces an element of o v e r - k i l l  f o r  J u p i t e r  and Saturn 
missions,  bu t  t h i s  i s  countered by broader app l i ca t ions  (Uranus 
and Neptune missians)  and the p o s s i b i l i t y  of multi-mission (dual. 
spacecraf t )  launches e Performance da ta  f o r  the Shu t t l e  probably 
has n o t  been s u f f i c i e n t l y  s t a b i l i z e d  y e t  t o  determine i t s  s t a t u s  
of competitiveness. 
disregarded and j u s t  T i tan-c lass  veh ic l e s  a r e  considered, then 
i t  i s  concluded t h a t  the addi t ion  of a s o l a r - e l e c t r i c  low-thrust  
s tage  i s  the s i n g l e  most u se fu l  improvement t h a t  can be made i n  
the c a p a b i l i t y  of t he  Ti tan  IIID/Centaur/Burner 11. 

The I n t e m e d i a t e -  

I f  these important f a c t o r s  a r e  momentarily 

Apr i l  24, 1970 l e t t e r  t o  J. Salmanson, from D .  F. Dipprey, 
Manager, Liquid Propulsion Sect ion,  J e t  Propulsion Laboratory. 
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3.2 COMPUTER CODES DEVELOPED 

The following computer codes w e r e  developed f o r  use 
on seve ra l  of the s t u d i e s  performed under Contract NASW-2023 
and added t o  the Astro Sciences program inventory wi th in  the  
l a s t  year.  

PETARD: Similar  t o  "KOFNAL" e Generates ground t r a c e s  of 
o r b i t i n g  spacecraf t  f o r  any number of des i red  revolu t ions  f o r  
any of the  n ine  p l a n e t s  of the  s o l a r  system. 
c a p a b i l i t y  f o r  p l o t t i n g  l a t i t u d e  o r  a l t i t u d e  a s  a funct ion of 
e i m e  f r o m  per iapse  on semi-log p l o t s .  

Has Calcomp 

CAPTRR: 
maneuvers about a n a t u r a l  p lane tary  s a t e l l i t e .  

S e t  of two codes developed t o  perform o r b i t  and landing 

ETY 1: Solves d i f f e r e n t i a l  equations descr ibing motion of a 
spacec ra f t  en t e r ing  the atmosphere of a r o t a t i n g  p l a n e t  with a 
cc;pherical g r a v i t y  f i e l d .  Present  vers ion  assumes f ixed  va lues  
uf: the  drag c o e f f i c i e n t  and l i f t  t o  drag r a t i o .  Atmospheric 
dens i ty  i s  computed as an exponential  funct ion of a l t i t u d e .  
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4 .  PAPERS PRESENTED AND PUBLISHED 



"TOUR,ING THE GALILEAN SATELLITES" 
By J. C .  Niehoff 
Presented a t  the AAS/AIAA Astrodynamics 
Conference, Santa Barbara, Cal i forn ia ,  

AIAA Paper N o .  70-1070 
To be published. 

August 19-21, 197'0 

ABSTRACT 

An i n t e r e s t i n g  technique i s  presented f o r  explo i t ing  
o rb i t i ng  J u p i t e r  spacecraf t  t o  repeatedly encounter the Gal i lean 
sa te l l i t es .  Commensurable o r b i t s  a r e  der ived,  assuming coplanar 
two--body motion, which mesh wi th  the motion of I o ,  Europa and 
Ganymede t o  provide mul t ip le  s a t e l l i t e  f lybys.  A p r a c t i c a l  
Z4-day o r b i t  i s  presented f o r  the 1981 J u p i t e r  opportuni ty  which 
provides 35 s a t e l l i t e  encounters,  including severa l  with C a l l i s t o  
over a per iod of  170 days. Encounter o r i en ta t ion  and l i g h t i n g  
condi t ions a r e  favorable  f o r  sur face  imagery. S a t e l l i t e  gravi-  
t a t l s n a l  per turba t ions  a re  s u f f i c i e n t  t o  upset  the predicted 
encounter sequences. 
which provides the needed o r b i t  cont ro l .  

An inexpensive impulse pol icy  i s  presented 

I I T  R E S E A R C H  I N S T I T U T E  

113 



"MISSIONS TO MERCURY (1973-1990)'' 
By D .  A. Klopp, D. L. Roberts,  and W .  C. Wells 
Presented a t  the  16th Annual Meeting, American 
Ast ronaut ica l  Society,  Anaheim, Ca l i fo rn ia ,  
June 1970. 
To be published. 

ABSTRACT 

This paper d iscusses  the  s c i e n t i f i c  ob jec t ives  of 
space missions to Mercury and p resen t s  r ep resen ta t ive  science 
payloads f o r  f lyby  and o r b i t e r  missions.  B a l l i s t i c  mission 
modes (both d i r e c t  and Venus swingby) and low-thrust  mission 
modes ( s o l a r - e l e c t r i c )  a r e  considered and i n t e r p r e t e d  i n  terms 
of launch veh ic l e  o r  payload c a p a b i l i t y .  Problems i n  achieving 
s u i t a b l e  coverage and i l lumina t ion  condi t ions  a r e  emphasized. 
Flyby missions a r e  n o t  l i k e l y  t o  provide complete coverage of 
Mercury, while approximately 180 days i n  o r b i t  a r e  requi red  t o  
obta in  the v i s u a l  and thermal mapping des i red .  An unmanned 
Mercury o r b i t e r  mission i s  comparable t o  Apollo 8 ,  i n  terms of 
complexity and energy requirements. 
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"TRAJECTORY REQUIREMENTS FOR COMET RENDEZVOUS" 
By A. L. Fr iedlander ,  J.  C .  Niehoff, and 
J. I. Waters 
Presented a t  the AAS/AIAA Astrodynamics Conference, 
Santa Barbara, Ca l i fo rn ia ,  August 19-21, 1990, 
AIAA Paper No. 70-1072. 
To be published. 

ABSTRACT 

This paper presents  a new look a t  spacecraf t  m i s s i e p  
oppor tuni t ies  t o  the  short-period comets i n  the t i m e  period 
1975-95, The ob jec t ive  i s  t o  i d e n t i f y  the  most promising 
rendezvous oppor tuni t ies  and f l i gh t .  modes from the s tandpoint  o f  
t r a j e c t o r y  requirements and launch vehiclelpayload c a p a b i l i t i e s  
A "broad-bush" treatment of wide scope under l ies  the ana lys i s .  
Se lec t ion  c r i t e r i a  leading t o  16 comet appar i t ions  f o r  study are 
described. The candidate f l i g h t  modes include; 3-impulse bal -  
l i s t i c  t r a n s f e r s ,  J u p i t e r  g r a v i t y - a s s i s t  t r a n s f e r s ,  s o l a r -  
e l e c t r i c  and n u c l e a r - e l e c t r i c  l o w  t h r u s t  t r a n s f e r s .  Resul t s  
show t h a t  among the b e s t  e a r l y  oppor tuni t ies  a r e  comets Encke/80, 
d'Arrest /82 and Mopff/83, 
performed b a l l i s t i c a l l y ,  so l a r - e l ec  t r i c  propulsion o f f e r s  greatly 
improved performance. P r a c t i c a l  accomplishment of the very 
d i f f i c u l t  Halley rendezvous depends upon the  development and 
a v a i l a b i l i t y  of n u c l e a r - e l e c t r i c  propulsion by 1983 e 

Although these  missions can be 
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"APPLICATION OF AN IMPULSIVE TRAJECTORY 
OPTIMIZATION METHOD TO THE COMET 
RENDEZVOUS PROBLEM" 

By J. I. Waters 
To be presented a t  t he  Ninth Aerospace 
Sciences Meeting, American I n s t i t u t e  of 
Aeronautics and Astronaut ics ,  New York, 
New York, January 25-27, 1971 

ABSTRACT 

A mul t ip le  impulsive t r a j e c t o r y  opt imizat ion technique 
has  been appl ied t o  the  comet rendezvous problem. The r e s u l t i n g  
computer program employs the conjugate g rad ien t  search method 
t o  f ind  minimum AV t r a j e c t o r i e s  sub jec t  t o  i n i t i a l  and f i n a l  
pos i t i on  c o n s t r a i n t s  and automatical ly  i n s e r t s  add i t iona l  
impulses along the t r a j e c t o r y  a s  ind ica ted  by examination of 
the primer vec to r  e Optimum impulsive rendezvous t r a j e c t o r i e s  
t o  the s h o r t  per iod comets f a l l  i n t o  two d i s t i n c t  ca t egor i e s  
r equ i r ing  th ree  and five impulses r e spec t ive ly .  The th ree  
impulse c l a s s  i s  charac te r ized  by a small  angle between the  
nodal and aps ida l  l i n e s  which a l l o w s  the  plane change and gross  
energy adjustment t o  be combined. 
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Assisted Trajectories Using J u p i t e r ,  by D o  A. KPspp 
and J. C. Nfehoff, NASA STAR No, N67-34604, 

On The PrsbPem of C o m e t  Orbft  Determination f o r  
Spacecraft  Pntereept Missions , by A, Fr iedlander ,  
NASA STBZP. N O ,  67-28832, 

Tra jec tory  O p p o r t m i t i e s  t o  the Outer  P lane ts  f o r  
the  Period 1975-2000 (BR). 

C o m e t  Rendezvous Opportunities (An Interim Report) 
by A.  Friedlander ,  J. C .  Niehoff, d J. I. Waters. 

Mars Orbit Charae te r i s t i e s  Related t o  Experiment 
Design - D .  %. Roberts and M. Hopper. 

anaalyeisal Solution O f  Eow-Thr.usi% Tra j ec to r i e s  by 
T i m e  Ser ies  Approximation o f  Aeeeleratfon Functions a 
by A,  Friedlander ,  

Tra jec tory  and Propulsion Charac t e r i s t i e s  of Cornet 
Rendezvous Opportunities by A ,  Friedlander  
J. 6 .  Nieh ff, and J, I. Waters. 

a r y  Report on Apollo S i t e  Se lec t ion ,  by w * Har,snann 0 . . ’  
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TM- 1 

TM- 2 

TM- 3 

TM-4 

TM- 5 

TM- 6 

TM- 7 

TM- 8 

TM- 9 

TM- 11 

TM- 12 

TM- 13 

TM- 14 

Notes on the  Lunar Atmosphere, by W .  0. Davies. 

Comments on the  Experimental Objectives of The A.E.S.  
Program, (2) HF-VHF R e f l e c t i v i t y ,  by H.  J. Goldman. 

Examination of the Lunar Surface by Solar  X-Ray 
Fluorescence, by E .  Thornton. 

"Conic Section Tra j ec to r i e s  : Summary of the Solar 
System, by F. Narin. 

Comments on the  Experimental Objectives of The A,E .S ,  
Program, (5) Radar Imaging, by H. J. Goldman. 

Survey of Power Systems f o r  Early Lunar "Stay-Behind" 
Experiments, by G. Walker. 

U l t r a v i o l e t  Reflectance and U l t r a v i o l e t  Stimulated 
Luminescence of the  E a r t h ' s  Surface , by 
P. Dickerman. 

Radiation and Micrometeorite Environmental Hazards 
t o  Apollo, by T .  Stinchomb and R .  E.  Chandler. 

Radiation Ef fec t s  on Films i n  Synchronous Earth 
Orbi t  Missions, by T. Stinchomb and H. Watts, 

Power Systems f o r  the Lunar Surface Experimental 
Package, by G. Walker. 

Preliminary Geological Analysis of Lunar O r b i t a l  
Sensors, by B. Pauling and R e  Robson. 

Checkout of Apollo Application Program Experiments, 
by H.  R. Hegner. 

Non-Imaging In f r a red  Instrument Parametric Study, 
by H. T .  Betz and M. S. Ste in .  
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TM-15 

TM- 1 6  

TM-17 

TM-18 

TM-19 

TM-21 

TM- 2 2 

TM- 2 3 

TM-26 

Preliminary Summary of Manned Mission Support Require- 
ments f o r  Space Science and Applications Objectives,  
by J. G .  Barmby and R.  G .  Dubinsky. 

Preliminary Analysis of Spacecraft  Commonality f o r  t he  
Space Applications Program (1970-1986), by 
J. G.  Bamby, J. E. Orth, and W .  L. Vest. 

A Method f o r  Determining Optimum Experiment P r o f i l e s  
and Resul tant  Data Bulk Requirements f o r  Remote Imaging 
of the Lunar Surface From Polar  Orbi t ,  by P. Bock. 

S c i e n t i f i c  Experiment Program f o r  Ear th-Orbi t a l  F 1  i g h t  s 
of  Manned Spacecraf t ,  by R.  G.  Dubinsky. 

Determination of Earth O r b i t a l  Experiment P r o f i l e s  
and Data Requirements, by P. Bock. 

Optical  Imagers f o r  the  Small Earth Resources S a t e l l i t e ,  
by S. S. Verner. 

Compendium of Space Applications Sensors and 
Instruments,  by J. E.  Orth.  

Basic Data f o r  Earth Resources Survey Program Map 
Plan, by K. Clark. 

Experiment P r o f i l e  Analysis of the  Multiband Camera 
Sun Synchronous Mission, by P. Bock and H. Lane. 
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6, MAJOR COMPUTATIONAL CODES 

The following computer codes have been w r i t t e n  o r  
adapted f o r  use on con t r ac t  s t u d i e s  between March 1963 and 
O c  t aber 1 9  7 0 e 

INTERPLANETARY TRANSFERS 

Conic Section Codes 

SPARC: The JPL general  conic sec t ion  code f o r  b a l l i s -  
t i c  and b a l l i s t i c - g r a v i t y - a s s i s t  f l i g h t s .  

ASC CONIC:  An extensive c o l l e c t i o n  of programs and 
subprograms f o r  b a l l i s t i c  and g r a v i t y - a s s i s t  f l i g h t s  and acces- 
s i b l e  regions ca l cu la t ions ,  and f o r  conic guidance ana lys i s .  

b 

TOPSY: Determines the  minimum i d e a l  v e l o c i t y  and the  
corresponding t i m e  required t o  reach any po in t  i n  the s o l a r  
system. 

High Prec is ion  Codes 

NBODY (11): The For t ran  I1 vers ion  of the  Lewis  
Research Center code has been used f o r  comet per turba t ion  
ana lys i s ,  considering the g r a v i t a t i o n a l  e f f e c t s  of Sun and 
p l ane t s  simultaneously 

NBQDY ( I V ) :  The For t ran  I V  vers ion  of t h i s  has  been 
rev ised  a t  ASC f o r  multibody, high prec is ion  t a rge t ing  and 
guidance ana lys i s  a 
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Low Thrust Codes 

JPL CODE: The JPL Calculus of Var ia t ions  Optimized 
Thrusted Tra jec tory  Code has  been used f o r  optimum in t e rp l ane ta ry  
nuclear  e l e c t r i c  f l i g h t  with v a r i a b l e  t h r u s t ,  cons tan t  t h r u s t ,  
o r  constant  acce le ra t ion .  

UNITED AIRCRAFT CODE: Computes optimum low t h r u s t  
(nuc lea r - e l ec t r i c )  i n t e rp l ane ta ry  t r a j e c t o r i e s  under constant  
t h r u s t  condi t ions.  Method employed i s  ca lcu lus  of v a r i a t i o n s  
and f i n i t e  d i f fe rence  Newton-Raphs on Algorithm, Powerplan t 
mass f r a c t i o n  and s p e c i f i c  impulse can be optimized i f  desired.  

BOEING CODE: CHEBYTOP i s  a f a s t  generator  of optimum 
low t h r u s t  i n t e rp l ane ta ry  t r a j e c t o r i e s .  Both s o l a r - e l e c t r i c  and 
nuclear  e l e c t r i c  powerplants can be t r ea t ed .  Propulsion system 
parameters must be spec i f i ed  - payload optimization can be 
accomplished by mul t ip l e  parametric runs.  

MULIMP: Uses Conjugate-Gradient search 
minimum, AV t r a j e c t o r i e s  cons i s t ing  of up t o  four  
a r c s  separated by up t o  f i v e  impulses. Departure 
o r b i t  and the a r r i v a l  po in t  i s  constrained t o  l i e  

method t o  f i n d  
f r e e  f a l l  conic 
i s  f rom Earth 
on an a r b i -  

t r a r y  conic .  Veloci ty  i s  matched a t  the a r r i v a l  po in t  
(rendezvous). 

Near P lane t  Operations 

ATMENT: One of a series of codes f o r  i n t e g r a t i n g  the  
atmospheric e n t r y  f o r  a spacec ra f t .  

ZAYIN: A For t ran  I1 code (from W .  P. Overbeck) modi- 
f i e d  f o r  c a l c u l a t i n g  s a t e l l i t e  o r b i t s  around the  Ear th ,  including 
oblateness  and a i r  drag. 
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GNDTRC: Generates lunar  ground t r a c e s  f o r  spec i f i ed  
lunar  o r b i t s .  

LIMITS: Computes maximum v e l o c i t y  and maximum energy 
change as a funct ion of miss d i s t ance  from a given gravi ty-  
assist  body. 

KOFNAL: Generates ground t r aces  of o r b i t i n g  spacecraf t  
f o r  any number of des i red  revolu t ions ,  Can be used f o r  a l l  n ine 
p l ane t s  of the  s o l a r  system. 
longitude and l a t i t u d e  of the ground t r ace .  

Ha$ Ca-lcornp c a p a b i l i t y  f o r  p l o t t i n g  

CONTUR: Generates da t a  f o r  Sun, Earth & Canopus 
occu l t a t ion  contours f o r  hyperbolic f lybys p a s t  any given p l ane t .  

AMSOCC: Generates da t a  f o r  Sun, Earth & Canopus occul- 
t a t i o n  contours f o r  o r b i t i n g  spacec ra f t  about any given p l ane t .  

HYPTRC: Computes 2-D p lane tary  encounter t r a j e c t o r i e s  
i n  po la r  coordinates  given h e l i o c e n t r i c  t r a n s f e r  t r a j e c t o r y  
from Earth.  

TRACE: Generates Ear th  ground t r aces  f o r  spec i f i ed  
Earth o r b i t s .  

PROFYL: A plane tary  encounter p r o f i l e  d e f i n i t i o n  code. 

RINGER: A code of c a l c u l a t i n g  crossings of Sa turn ' s  
r i n g  p lane  during f lyby.  

Guidance and Orbi t  Determination 

ORBDET: Orbi t  determination f o r  an overdetermined 
set  of po in t s  by Kalman f i l t e r i n g .  
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LTNAV: A low t h r u s t  navigat ion code. 

PARODE: A rad io  t racking performance evaluatiQn code 
f o r  o r b i t  determination during planetary approach. 

- COMODE: 
taking i n t o  considerat ion g r a v i t a t i o n a l  e f f e c t s  of Sun and a l l  
nine p lane ts  simultaneously. 

High prec is ion  comet o r b i t  determination code, 

QRBOBS: A Fortran IV program f o r  determining minimum 
separat ioq in t e rcep t s  of a J u p i t e r  o r b i t e r  with the  four  
Gal i lean S a t e l l i t e s ;  I o ,  Europa, Ganymede, and C a l l i s t o .  

CELESTIAL TRACKING: A c e l e s t i a l  t racking performance 
evaluat ion code f o r  o r b i t  determination during p lane tary  
approach. 

SURVEY: Generates s igh t ing  condi t ions f o r  comets 
over a spec i f ied  length of time. 
p l o t t i n g  s ight ing  condi t ions a s  funct ion of time from 
per ihe l ion .  

Has Calcomp c a p a b i l i t y  f o r  

Combinatorial, Codes 

XPSLCT and COMBSC - f i n d  var ious s e t s  of payloads 
from experiments and instruments ,  subjec t  t o  spacecraf t  
oons t r a in t s .  

P HFIT: 
t o  a hyperbola. 

A code f o r  l e a s t  square f i t  of a set  of po in ts  

BIMED: A general  s t a t i s t i c a l  ana lys i s  package f r o m  
UCLA used f o r  mul t ip le  regression ana lys i s .  

IMP 3 :  An in teger  programming code. 
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ASTA: A set of codes f o r  analyzing s p a t i a l  and 
ve loc i ty  d i s t r i b u t i o n s  of the a s t e ro ids .  

HAZARD: A code f o r  ca l cu la t ing  spacecraf t  t o  a s t e ro id  
and meteor stream dis tances ,  

SIGHT: A code fo r  analyzing pos i t i ons  of c e l e s t i a l  
ob jec ts .  

INTEGRALS: A s e t  of codes f o r  evaluat ing var ious 
spec ia l  i n t e g r a l s  which arise i n  p lane tary  atmosphere ana lys i s  e 

Special  Feature8 and Systems 

GPSS-111: An XBM system f o r  analyses  of  systems of 
d i s c r e t e  t ransac t ions .  

MIMIC:  A Fortran IV-like system f o r  s imulat ing,  on 
the 7094, an analog computer and thereby e a s i l y  doing 
in t eg ra t ions .  

KWIC-11: The IBM key word i n  context  system used t o  
ca ta log  the ASC l i b r a r y  of some 8000 documents. 

ORBITAL ELEMENTS TAPE: An extensive c o l l e c t i o n  of 
o r b i t a l  elements f o r  s o l a r  system ob jec t s ,  including p l ane t s ,  
1600 numbered a s t e ro ids  , 2000 unnumbered a s t e ro ids  and hundreds 
of comets. 
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